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ABSTRACT 

2 . 5 9 8 6  
Reactions of b io log ica l  systems a t  an e l ec t rode  have been inves t iga ted  

experimental ly  and through t h e o r e t i c a l  cons idera t ions  to determine the c a p a b i l i t y  
of biochemical r eac t ions  i n  producing useful  e lectrochemical  energy. Experimental 
work wi th  micro-organisms and severa l  enzymes e s t ab l i shed  t h a t  e lectrochemical  
energy may be derived e i t h e r  through formation of enzymatic conversion of e l e c t r o -  
chemically inac t ive  f u e l s  t o  a c t i v e  products or  from e l e c t r o n  exchange between the  
e i ec t rode  and t h e  enzyme v i a  an e lec t ron  carrier intermediary molecule. 
no evidence w a s  obtained f o r  a s ign i f i can t  e l e c t r o n  t r a n s f e r  d i r e c t l y  from enzymes 
t o  t h e  e l ec t rode .  Were such a r eac t ion  t o  e x i s t ,  t h e o r e t i c a l  ca l cu la t ions  f o r  a 
model system suggest t h a t  t h e  maximum current  through t h e  d i r e c t  r eac t ion  would 
be very small  i n  r e l a t i o n  t o  the  output poss ib l e  from t h e  o the r  types of r e a c t i o n s .  

However, 

Laboratory s t u d i e s  a l s o  demonstrated t h e  need f o r  extreme care  i n  de f in -  
ing the  a c t u a l  r eac t ive  electrochemical  systems i n  the  b io fue l  c e l l s  s ince  extraneous 
ma te r i a l s  i n  t h e  b io log ica l  systems may be  respons ib le  f o r  r e l a t i v e l y  l a r g e ,  temporary 
e l e c t r i c a l  ou tputs .  - 
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A program of s t u d i e s  has  been c a r r i e d  out on t h e  fundamental a spec t s  of 
e lectrochemical  a c t i v i t y  i n  b io log ica l  systems. 
fol lowing s p e c i f i c  tasks:  

It has  been d i r ec t ed  t o  t h e  

(1) Survey of enzyme and b a c t e r i a l  systems f o r  i d e n t i f i c a t i o n  
of those showing electrochemical a c t i v i t y .  

(2) Study of those systems iden t i f i ed  under 1 f o r  determination 
of t h e  molecular spec ies  involved i n  t h e  e l ec t rode  r eac t ion .  

( 3 )  Theore t ica l  ana lys i s  of the problem of the  r eac t ion  of 
b io log ica l  macromolecules a t  e l ec t rodes .  Determination 
of t h e  t h e o r e t i c a l  maximum value of curren t  t o  be expected 
from such r eac t ion .  

( 4 )  Experimental study of the e l ec t rode  behavior of model redox 
macromolecules containing a c t i v e  groups of known redox 
c h a r a c t e r i s t i c s .  
the  aspec ts  of behavior r e l a t ed  s p e c i f i c a l l y  t o  the  l o w  
d i f f u s i v i t y  and s p e c i a l  o r i en ta t ion  of macromolecules. 

The object ive of t h i s  work was t o  a s c e r t a i n  

(5) Study of methods of a t taching o r  coa t ing  b io log ica l  systems, 
including enzymes and l i v ing  b a c t e r i a l  c e l l s ,  onto e l ec t rode  
sur faces .  Ef fec t iveness  and behavior of  systems so a t tached  
were s tudied .  

( 6 )  Inves t iga t ion  of t h e  electrochemical e f f i c i ency  of bio- 
e l ec t rode  systems including energy and ma te r i a l  balances,  
and the  f a c t o r s  a f f ec t ing  cur ren t  and vol tage c h a r a c t e r i s t i c s .  

The major f indings which have r e su l t ed  from the  program a r e  t h e  following: 

(1) I n  a l l  systems s tudied ,  any electrochemical  a c t i v i t y  observed 
w a s  shown t o  be due e i t h e r  t o  nonbiological substances 
present a s  impur i t ies  or  a d d i t i v e s ,  o r  t o  nonbiological  
substances formed as intermediates  o r  products of the  
b io log ica l  r e a c t  ion.  

(2) Special  s tud ie s  designed s p e c i f i c a l l y  t o  demonstrate the  
d i r e c t  r eac t ion  of b io logica l  macromolecules a t  e l ec t rodes -  
gave no evidence of such r eac t ion .  

(-3) Theore t ica l  treatment of the  d i r e c t  r eac t  ion of b io log ica l  
macromolecules a t  e lec t rodes  ind ica ted  t h a t  maximum 
e lec t rode  cu r ren t s  obtainable from such r eac t ions  a r e  not 
l a rge ,  even under the  most favorable  assumptions. 

X 



SECTION 1 

INTRODUCTION 

The objec t ives  of th i s  program have been t o  ca r ry  out  a study of t h e  
bas ic  processes  involved i n  the  generation of e l e c t r i c a l  energy by b io log ica l  
systems. The approach which was adopted was, f i r s t ,  t o  determine the  c l a s s e s  
of b io log ica l  systems capable of electrochemical a c t i v i t y .  These were then t o  
be subjected t o  d e t a i l e d  study i n  order t o  def ine  t h e  s p e c i f i c  r eac t ions  involved 
i n  t h e  electrochemical  process.  

a An assoc ia ted  objec t ive  w a s  to  study t h e  more pragmatic aspects a f  the  
generat ion of  e l e c t r i c a l  energy by l iv ing  b a c t e r i a l  systems. P a r t i c u l a r l y ,  it 
w a s  des i r ed  t o  examine fac tors  such as t h e o r e t i c a l  e f f i c i ency  of b ioe lec t rodes ,  
the performance of e l ec t rodes  w i t h  at tached versus  unattached organism c u l t u r e s ,  
and t h e  v i a b i l i t y  and growth o f  bac te r i a l  c u l t u r e s  i n  the  presence of e l ec t rodes .  

I n  accordance with these  objec t ives  the  program has been d i r ec t ed  t o  
study of t h e  electrochemical a c t i v i t y  of a number of enzyme systems including 
D-amino a c i d  oxidase,  urease and glucose oxidase,  e t c .  Also included were s t u d i e s  
on several b a c t e r i a l  systems, both at tached t o  the  e l ec t rode  and suspended i n  
so lu t ion ,  including & s u b t i l i s ,  Proteus v u l g a r i s ,  and suspensions of c e l l  mito- 
chondria.  Electrochemical a c t i v i t y  was found i n  many of t h e s e .  However i n  a l l  
such cases ,  t h e  a c t i v i t y  was shown t o  be pr imar i ly  due e i t h e r  t o  e l e c t r o a c t i v e  
i m p u r i t i e s  i n i t i a l l y  present i n  the  mater ia l s  used t o  make up the  b io log ica l  
system, o r  t o  t h e  formation of low molecular weight e l e c t r o a c t i v e  substances as 
intermediate  o r  f i n a l  products of the react ion between the b io log ica l  agent and 
i t s  s u b s t r a t e .  It i s  these substances which provide the  e l ec t rode  r eac t ion .  

Recent th inking  a s  t o  possible app l i ca t ions  of bio-electrochemical  
phenomena, including the  generat ion of p r a c t i c a l  q u a n t i t i e s  of  e l e c t r i c a l  power, 
i s ,  t o  an increasing degree,  encountering the  quest ion of d i r e c t  p a r t i c i p a t i o n  
of b io log ica l  macromolecules o r  bac te r i a l  c e l l s  i n  oxidat ion-reduct ion processes  
a t  e l e c t r o d e s .  Accordingly, t he  l a t t e r  p a r t  of the  program placed increased 
emphasis upon determination of whether o r  not such d i r e c t  p a r t i c i p a t i o n  ever  occurs 
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I n i t i a l  approach w a s  t o  de f ine ,  on the  b a s i s  of t h e o r e t i c a l  cons ide ra t ions ,  t he  
condi t ions  under which d i r e c t  p a r t i c i p a t i o n  of b io log ica l  molecules might be 
observable.  
p a r t i c i p a t i o n  under t h e  t h e o r e t i c a l l y  most promising condi t ions .  
but unf in ished  p a r t  of t he  program was t h e  stud4 of t h e  electrochemical  behavior 
of s y n t h e t i c  macromolecules which correspond t o  b i o l o g i c a l  macromolecules i n  
s i z e  and s t r u c t u r e ,  but which have attached groups of known oxida t ion- reduct ion  
c h a r a c t e r i s t i c s .  

Subsequent work w a s  then  concerned with a t tempts  t o  observe such 
A promising 

These l a t te r  s t u d i e s  have suggested t h a t  t h e  development of p r a c t i c a l  
q u a n t i t i e s  of e l e c t r i c a l  energy from the d i r e c t  r e a c t i o n  of b i o l o g i c a l  macro- 
molecules o r  c e l l s  is  not  promising. However, t h e  work of t h e  program, as 
descr ibed  i n  t h e  following sections,can be regarded only as t h e - i n i t i a l  phase i n  
t h e  development of understanding of t h i s  very i n t e r e s t i n g  f i e l d .  

-2- 



SECTION 2 

MATERIALS AND METHODS 

2.1 MATERIALS.. SOURCES AND PREPARATIONS 

a .  Micro-organisms 

From American Type Culture  Collect ion;  Proteus v u l g a r i s  (13315), 
Streptococcus (8013), Bacillus subt i l i s  (6051), Endomyces dec ip iens  
(Reese) (11647). Escherischia  c o l i  i s  a wild type s t r a i n ,  subcultured from 
samples obtained o r i g i n a l l y  from University of Ca l i fo rn ia ,  Los Angeies. 

b .  Enzymes 

Cer ta in  enzymes w e r e  prepared by Phi lco Research Laborator ies  t o  ob ta in  
q u a n t i t i e s  of enzyme i n  higher  pu r i ty  than t h a t  ava i l ab le  commercially. 
included: D-amino ac id  oxidase,  c r y s t a l l i n e  and p r e c r y s t a l l i n e ,  from hog kidneys 
by t h e  method of Massey (1). Pur i f i ca t ion  w a s  c a r r i e d  t o  a p r e c r y s t a l l i n e  state 
(s 0.5 U/mg* pro te in)  o r  t o  c r y s t a l l i n e  ma te r i a l  (G 12 U/mg) depending upon 
the use requirements.  Urease, c r y s t a l l i n e ;  from jack  bean m e a l ,  w a s  prepared by 
the  method of Hanabusa (2) with a c t i v i t y  i n  the  range of 11,000 t o  13,OO Sumner units** 

These 

* Unless otherwise spec i f i ed ,  an enzyme u n i t  (U) r e f e r s  t o  t h e  amount of 
a c t i v i t y  required t o  perform t h e  conversion of one micromole pmole)  
s u b s t r a t e  t o  product per minute. 

.A Sumner u n i t  corresponds t o  t h e  formation of 1 mg ammonia n i t rogen  per 
5 minutes from urea under specif ied condi t ions .  

** 
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per  mg p r o t e i n . S u l f i t e - n i t r i t e  reductase (SNR)*, NADPH2 s p e c i f i c ,  was obtained 
from E .  c o l i  by s l i g h t  modif icat ions of the  procedure of Kemp, e t  a1 ( 3 ) .  

Enzymes obtained from commercial sources:  DAO from hog kidney, about 
0.05 
glucose oxidase (15 U/mg), yeas t  alcohol dehydrogenase (2x c r y s t a l l i z e d ,  
1.8 U/mg), diaphorase (from Clostridium kluyver i ,  10 U/mg) and r a b b i t  muscle 
l a c t i c  dehydrogenase (2x c r y s t a l l i z e d ,  31.3 U/mg) from Mann Research Laboratorieq; 
Urease, 380 Sumner u n i t s  per mg, from Ca l i fo rn ia  Corporation f o r  Biochemical 
Research; L-arginase (beef l i v e r ,  20 U/mg) and L-glutamic dehydrogenase (from 
-- E .  c o l i ,  0.6 U/mg) from Worthington Biochemical Company. 

U/mg, ca t a l a se ,  pu r i f i ed ,  8250 U/mg from Sigma Chemical Company; fungal 

The sugar oxidases from Iridophycus flaccidum ( 4 )  and from orange 
f r u i t s  (5) w e r e  prepared a t  t h e  University of Ca l i fo rn ia ,  Riverside.  

c .  Coenzymes, Subs t ra tes  and Chemicals 

A l l  chemicals including subs t ra tes  and coenzymes were obtained from 
commercial sources:  from Sigma Chemical Company, t he  D-amino ac ids ,  a l an ine ,  
tryptophan, phenylalanine,  t y ros ine  methionine, va l ine ,  l euc ine ,  and (a1lo)-  
i so leuc ine  and the  coenzymes ATP, NAD, and NADPH ; from Calbiochem, FAD, 
phenylpyruvic ac id  (sodium s a l t ) ,  and p-hydroxyp enyl  pyruvic ac id ;  from 
K & K Laborator ies ,  D-his t idine,  methylene blue,  2,6-dichlorophenol indophenol 
and indole  pyruvic a c i d .  

Other chemicals were obtained as reagent grade materials from various 
sources.  The Folin-Ciocalteau Phenol reagent f o r  p r o t e i n  determinat ions w a s  a 
concentrated so lu t ion  obtained from Uni-tech. Materials f o r  b a c t e r i a l  media 
were from Difco. 

2 .2  METHODS 

a .  Growth and Storage of Micro-Organisms 

For usual growth of bac te r i a ,  standard techniques were used; growing i n  
appropr ia te  media f o r  t he  given organism, inocula t ing  from a s t a r t i n g  c u l t u r e  i n t o  
500 m l  erlenmeyer f l a s k s  and shaking ( for  aerobic  species)  a t  37OC u n t i l  t he  

* Abbreviations used i n  t h i s  repor t  include : NADP, Nicotinamide adenine 
d inuc leo t ide  phosphate (Coenzyme I1 o r  pyridine t r i nuc leo t ide )  ; NADPH2 , reduced 
NADP; NAD, nicotinamide adenine dinucleot ide;  NADH2, reduced NAD; ATP, Adenosine 
t r i -phosphate ;  FAD, f l av ine  adenine d inuc leo t ide ;  DAO, D-amino ac id  oxidase; SNR, 
s u l f i t e - n i t r i t e  reductase;  IPA,  indole pyruvic ac id ;  PPA, phenyl pyruvic ac id ;  
HPA p-hydroxyphenyl pyruvic a c i d ;  ma, milliampere; pa, microampere; SCE, sa tu r -  
a t ed  calomel e l ec t rode ;  g ,  g r a v i t i e s .  
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d e s i r e d  o p t i c a l  d e n s i t y  (600 m p ,  turbidometric measurement) w a s  obtained; and 
ha rves t ing  by cen t r i fuga t ion .  For p e l l i c l e  formation, E. s u b t i l i s  w a s  grown 
without shaking. Harvested c e l l s  were used r a p i d l y  i n  b ioe l ec t rode  measurements 
o r  s t o r e d  a f t e r  freeze-drying. Drying w a s  accomplished by suspending the  ce l l  
p a s t e  i n  0.5 percent a sco rb ic  a c i d ,  2.0 percent ammonium ch lo r ide ,  pH 7 . 0 ,  s h e l l  
f r eez ing  a t  d r y  ice temperature and drying i n  vacuo while maintaining the temper- 
a t u r e  of  the  suspension a t  -26OC. 

For prepara t ion  o f  t h e  E .  coli i n  s u f f i c i e n t  amounts fo r  SNR enzyme 
p repa ra t ion  and fo r  l a r g e r  bioelectrode s t u d i e s ,  an  8 l i t e r  fermenter w a s  
inocula ted  wi th  the  starter c u l t u r e  and the  b a c t e r i a  were grown a t  37OC u n t i l  
t h e  des i r ed  turbidometric measurement was obtained. In  t h e  SNR prepa ra t ion ,  
t h e  b a c t e r i a  w e r e  adapted t o  growth on C medium ( 6 ) ,  a medium containing only 
inorganic  sal ts  with glucose as the  carbon source.  The b a c t e r i a  w e r e  f reeze-  
d r i e d  a f t e r  growth and kept u n t i l  a s u f f i c i e n t  amount of  material had been 
accumulated fo r  car ry ing  ou t  t h e  prepara t ive  work. 

b.  Enzyme Prepara t ions  

Published procedures w e r e  used fo r  enzyme prepara t ions  ( see  Materials 
sec t ion )  except for  SNR. I n  t h i s  case,  i t  d i f f e r e d  from the  published method 
only  i n  the  e x t r a c t i v e  procedure. E .  &, f reeze-dr ied ,  were ground whi le  co ld ,  
i n  a mortar and then incubated, as per published procedure, wi th  r ibonuclease  and 
deoxyribonuclease. Grinding of t he  dried c e l l s  took t h e  p lace  of t h e  published 
procedure of  d i s rup t ing  a f r e s h ,  frozen c e l l  pas t e  i n  a Hughes p r e s s .  

Mitochondria were obtained from f r e s h ,  cooled r a t  l i v e r  with normal 
i s o l a t i o n  techniques us ing  0.25 M sucrose containing 1 percent serum albumin as 
the  suspending medium and a Waring blender d i s i n t e g r a t i o n .  I n i t i a l  mitochondrial  
p e l l e t s ,  obtained a t  5000 x g ,  w e r e  washed twice, cen t r i fuged  a t  24,000 x g and 
f i n a l l y  d ispersed  i n  the  o r i g i n a l  medium. Mitochondria were a l s o  prepared from 
caul i f lower  wi th  s l i g h t  modi f ica t ions  of the  method o f  Crane ( 7 ) .  

A c t i v i t y  determinations involving oxygen uptake w e r e  performed by the  
Warburg micro-manometric techniques,  using standard procedures. For mitochondrial  
a c t i v i t y  de te rmina t ions ,  succ ina te  was used as s u b s t r a t e .  DAO a c t i v i t y  w a s  de t e r -  
mined manometrically using D-alanine as s u b s t r a t e ,  wi th  a pH 8 . 3 ,  pyrophosphate 
bu f fe r .  The var ious  glucose oxidase preparations were assayed manometrically with 
appropr i a t e  bu f fe r s  for  optimal a c t i v i t y  (pH 5.6 fo r  fungal and c i t r u s  prepara t ions  
and pH 6 fo r  t he  a l g a l  enzyme) wi th  glucose s u b s t r a t e .  

Urease a c t i v i t y  w a s  a l s o  determined manometrically by observing the  re- 
lease of  carbon dioxide a t  pH 5.0. Assays were a l s o  performed using a micro- 
Ness l e r i za t ion  procedure for  t he  r e l ease  o f  ammonia a t  pH 8 . 3 .  

Alcohol dehydrogenase w a s  assayed by determination o f  t h e  rate of  reduc- 
t i o n  of  NAD as ind ica ted  by the increase i n  o p t i c a l  d e n s i t y  a t  340 m p .  
w a s  used as s u b s t r a t e ,  a t  pH 8.5. Lactic a c i d  dehydrogenase w a s  s i m i l a r l y  d e t e r -  
mined, using l a c t a t e  a t  pH 7.4.  SNR was determined spectrophotometr ical ly  by the  
decrease i n  o p t i c a l  d e n s i t y  a t  340 m p  using NADH2 wi th  t h e  oxidant s u b s t r a t e s  
n i t r i t e ,  s u l f i t e  o r  hydroxylamine. 

Ethanol 
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Diaphorase a c t i v i t y  w a s  determined by following the  rate of reduct ion 
of  2 ,6 -d ich lo ro~heno l  indophenol by the enzyme and NADH2 a t  pH 7.5.  

The method of Lowry, e t  a1 (8) was employed f o r  most p r o t e i n  de t e r -  
The b i u r e t  r eac t ion  (9) was occasional ly  used when t h e  condi t ions minat ions.  

i n t e r f e r e d  wi th  t h e  Lowry method. 

c .  Po la r i za t ion  Measurements on the  Bioelectrode 

Most po la r i za t ion  measurements were conducted with t h e  apparatus  schemat- 
i c a l l y  i l l u s t r a t e d  i n  Figure 1. 
ence e l ec t rode ,  e2 (SCE),was maintained a t  the  des i red  l e v e l  (usua l ly  +0.200 v) 
by ad jus t ing  the va r i ab le  r e s i s t a n c e  R t o  obta in  the  necessary po la r i z ing  cu r ren t .  
The value of 0.200 v o l t  was se lec ted  s ince  d i f f e r e n t i a t i o n  between indiv idua l  
systems seemed t o  be g r e a t e s t  a t  t h i s  level. I n  some experiments, an automatic 
p o t e n t i o s t a t  (Anotrol) replaced the  manual system. 

Poten t ia l  between test  e l ec t rode ,  e l  and r e f e r -  

The po la r i za t ion  c e l l  used for  the  majori ty  of the  experiments i s  shown 
i n  Figure 2 .  S l igh t  modif icat ions were made i n  the  i l l u s t r a t e d  design t o  allow 
f o r  continuous passage of  gas and t h e  add i t ion  of cons t i t uen t s  t o  the  c e l l  as w e l l  
as withdrawing samples during a run. Temperature w a s  maintained a t  38OC by c i r cu -  
l a t i n g  constant  temperature water through the  outer  j a c k e t .  

For experiments i n  which mater ia l  was l imi ted  o r  i n  which high concen- 
t r a t i o n s  of enzymes w e r e  t o  be maintained i n  the  v i c i n i t y  of t he  e l ec t rode ,  the  
c e l l  p ic tured  i n  Figure 3 w a s  u t i l i z e d .  S t i r r i n g  i n  t h i s  c e l l  was accomplished 
through v i b r a t i o n  of a s t i r r i n g  bar a t  60 cps with amplitude con t ro l l ed  by a 
va r i ab le  transformer power supply t o  the  v ib ra t ing  motor. In  some s t u d i e s  t h e  
e l ec t rode  compartment was separated by a semipermeable membrane from t h e  remainder 
of t he  c e l l .  I n  t h i s  c e l l  t h e  electrode w a s  a l s o  v ibra ted  t o  provide s t i r r i n g  
wi th in  i t s  own compartment. 

The e l ec t rode  material used i n  almost a l l  t he  experiments w a s  b r igh t  
platinum. This  was se lec ted  t o  avoid problems i n  determining e f f e c t i v e  
e l ec t rode  sur face  and uncontrol led adsorption e f f e c t s .  I n  some experiments a 
p l a t i n i z e d  (platinum black) e l ec t rode  w a s  used. These a r e  designated i n  the  
following d iscuss ions .  

When anaerobic experiments were being done, t he  test  so lu t ions  i n  the  
c e l l  were deaereated by bubbling ni t rogen gas (prepur i f ied  and f u r t h e r  de-oxygen- 
a t ed  by passing over h o t ,  reduced copper) through the  so lu t ion  p r i o r  t o  add i t ion  
of  t he  enzyme. 

Buffer so lu t ions  used t o  maintain pH during t h e  course of  t he  r eac t ion  
were normally 0.1 M or  h igher ,  thus  providing adequate ion concent ra t ion  f o r  main- 
t a i n i n g  r e l a t i v e l y  l o w  c e l l  r e s i s t ances .  



FIGURE 1. SCHEMATIC DIAGRAM OF APPARATUS USED FOR POLARIZATION 
MEASUREMENT OF BIO-ELECTRODE 

PS  = HEWLETT-PACKARD 7 1 1 A  D.C. POWER SUPPLY, 
A = SIMPSON 269 MICROAMMETER VOM, V = HEWLETII- 

PACKARD 4 1 2 A  VACUUM TUBE VOLTMETER, R = INDUSTRIAL 
INSTRUMENT DECADE RESISTANCE BOX, e3 = AUXILIARY 
ELECTRODE, e2 = REFERENCE ELECTRODE (SCE) , 
el = TEST ELECTRODE (PLATINIZED PLATINUM DISC) 

RO 1049 
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d .  Chronopotentiometric Analysis of Bioelectrode Reactions 

The p r inc ip l e  of chronopotentiometry i s  based upon constant-current ,  
e l e c t r o l y s i s  i n  u n s t i r r e d  so lu t ions .  A thorough t h e o r e t i c a l  d i scuss ion  of t h e  
s ign i f i cance  of chronopotentiograms has been given by Delahay and co-workers 
(10) and by Reinmuth (11 a ,  b ) .  
k i n e t i c s  of chemical and electrochemical r eac t ions  may be obtained from ana lys i s  
of t h e  t r a n s i t i o n  time (7> and the  poten t ia l - t ime curved. 

Much valuable  information on t he  mechanism and 

The experimental s tud ie s  were performed wi th  t h e  instrument represented 
i n  Figure 4 .  
(Hewlett-Packard 711A) through a large series r e s i s t o r  R 1  which in su res  a con- 
stant cu r ren t  t o  t h e  ce l l .  The tes t  e lec t rode  (el) p o t e n t i a l  is measured aga ins t  
t h e  re ference  e lec t rode  e2 (SCE) by means of recorder  R (Mosely Autograf X-Y 
recorder ,  Model 2DR-2). 
100 megohms is used i n  the  c i r c u i t  between the  test e lec t rode  and re ference  t o  
minimize cur ren t  flow between these  e lec t rodes .  
used- f o r  e l e c t r o l y s i s  may be preselected.  Res i s to r  % i s  adjusted so t h a t  when 
DPDT switch i s  thrown from pos i t i on  S1 t o  S2 s u b s t a n t i a l l y  no change i n  cur ren t  
i s  observed on ammeter A (Simpson 269 Microammeter VOM). 
curren t  i s  passed through R1 and R2 u n t i l  these  r e s i s t o r s  reach thermal equi l ibr ium. 
The pen t i m e  d r ive  on the recorder  i s  then s t a r t e d ,  simultaneously throwing the  DPDT 
switch from pos i t i on  S i  t o  S and t h e  poten t ia l - t ime curve i s  recorded. Not shown 
i n  t h i s  diagram, w a s  a s w i t c i  inser ted  i n  t h e  c i r c u i t  t o  reverse  the  p o l a r i t y  of  
e l e c t r o d e s  el and e3 so as t o  enable use  of the  e l e c t r o l y s i s  f o r  e i t h e r  ox ida t ive  o r  
reduct ive  e l ec t rode  r eac t ions .  

The c e l l  i s  connected t o  a vol tage regulated power supply PS 

A preamplifier P having an input impedance of more than 

With r e s i s t o r  R2, cur ren t  t o  be 

P r io r  t o  e l e c t r o l y s i s ,  

E l e c t r o l y s i s  w a s  conducted in a c e l l  s imi l a r  t o  t h a t  i n  Figure 2 .  Anaer- 
obic  condi t ions  were normally used. The t e s t  e l ec t rode  w a s  a smooth platinum d i s k  
(E 1/4 inch i n  diameter) sealed i n  the end of a so f t  g l a s s  tube.  E l e c t r i c a l  con- 
t a c t  was through a n icke l  wire welded t o  the  back of the e l ec t rode .  T h i s  e l ec t rode  
was i n s e r t e d  i n t o  a l a rge r  diameter g lass  tubing which ac ted  as a mantle. The 
mantle extended approximately one inch below the  sur face  o f  the  tes t  so lu t ion .  
When measurements were made i n  uns t i r red  so lu t ion  the e l ec t rode  w a s  withdrawn about 
1 /4  inch i n t o  the  mantle;  i n  s t i r r e d  so lu t ion  t h e  e l ec t rode  extended s l i g h t l y  
beyond t h e  mantle.  
"oxidized" o r  "clean" states as defined below. 

The experiments were done with t h e  e l ec t rode  i n  "reduced", 

An "oxidized" e l ec t rode  r e f e r s  t o  an e l ec t rode  which w a s  brought t o  t h e  
p o t e n t i a l  of oxygen evolu t ion .  "Reduced" e l ec t rode  i s  one which has  been reduced 
t o  t h e ' p o t e n t i a l  of hydrogen evolut ion.  Some of t he  experiments with b io log ica l  
material made i t  apparent t h a t  another c l a s s i f i c a t i o n  of treatment w a s  e s s e n t i a l  
s ince  it w a s  discovered tha t  some mater ia l s  coat  t he  e l ec t rode  i n  such a way t h a t  
it no longer behaves a s  a normal platinum e lec t rode  a f t e r  normal reduct ion o r  
ox ida t ion  of t he  surface e l e c t r o l y t i c a l l y .  To ob ta in  a "clean" e l ec t rode ,  i t  w a s  
t r e a t e d  by anodizing and cathodizing a l t e r n a t e l y  i n  50% n i t r i c  ac id  so lu t ion ,  
cathodizing i n  s u l f u r i c  ac id  (E l N ) ,  r insed  i n  water ,  wiped dry and placed i n  t h e  
sample s o l u t i o n  and reduced chronopotentiometrically t o  hydrogen evolut ion p o t e n t i a l  
S i m i l a r  r e s u l t s  could usua l ly  be obtained with the  less d r a s t i c  measure of vigorous 
hydrogen evolu t ion  i n  ac id .  One of these t h r e e  t rea tments  was used on theezec t rode  
p r i o r  t o  each potent iogram. 
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FIGURE 4 .  SCHEMATIC DIAGRAM OF APPARATUS USED FOR CHRONOPOTENTIOMETRY 

PS = HEWLETT-PACKARD 711A D.C. POWER SUPPLY, 
A = SIMPSON 269 MICROAMMETER VOM, R1 AND R2 = 
CLAROSTAT VARIABLE RESISTORS, P = PReAMPLIFIER, 
R = MOSELEX AUTOGRAF X-Y RECORDER, MODEL 2DR-2, 

= TEST ELECTRODE, e2 = REFERE3CE ELECTRODE (SCE), =1 
e3 = AUXILIARY ELECTRODE, S1 AND S2 = POSITIONS OF 
DPDT SWITCH 

R 0 1 0 5 2  

I 
1 
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Chronopotentiometric measurements were normally performed anaerobically 
by flushing with nitrogen as described in 2-2C. 
electrode required withdrawing the electrode from its mantle and great precautions 
were essential in maintaining true anaerobicity of some solutions (particularly 
DAO-tryptophan) nitrogen flushing of the mantle was carried out during the removal, 
period of treatment and return of the electrode. 

Since preparing the "clean" 

d.. Other Procedures 

Spectrophotometric measurements made use of either Cary Model 14 or 
Beckman DK-2A recording spectrophotometers. 
Research Specialties Company equipment. 

Electrophoresis was performed with 
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SECTION 3 

EXPERIMENTS AND RESULTS 

3.1 SURVEY OF ENZYME REACTIONS FOR SUITABLE ANODE REACTIONS 

Although a number of enzymes had been previously tested for suitability 
in bioanode reactions, the objectives and different approaches used in the present 
investigation made it essential t o  carry out a relatively extensive survey of 
enzyme reactions in the polarization experiments to define the best systems for 
study. The major effort was devoted to investigation of the oxidative enzymes, 
but, since the hydrolytic enzyme urease was reported to give positive bioanode 
effects, a few other hydrolytic enzymes were also tested. In the latter cases, 
the results helped in establishing the basis for the observed electrochemical 
activity of urease. 

One of the major objectives of the survey was to detect any possible 
Thus, the use direct reaction between the enzyme concerned and the electrode. 

of electron carrier mediators such as ferricyanide or methylene blue was not 
stressed in these studies. However, the effect of such materials upon thea 
electrochemical behavior of the system studied was frequently determined. 

3.2 HYDROLYTIC ENZYMES 

a. Arginase 

The power production in the urease reaction has been attributed in the 
past to the electrochemical oxidation of the ammonia liberated in the reaction 
(12, 13) with some implications that the electrode reaction involved an "activated" 
intermediate formed in the biological reaction. If such were the case similar 
activated complexes or intermediator might be found in other hydrolytic reactions. 
Arginase hydrolyses arginine to urea and ornithine. 
strated that it was completely inactive electrochemically. It should be noted for 

Tests of this enzyme demon- 
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later discussion that the reaction here does not involve a significant change in 
pH during the hydrolytic reaction. 

b. Amino acid decarboxylase6 

The amino acid decarboxylases are widely distributed in bacteria, generally 
forming in adaptive response t o  a specific amino acid. The reaction for these 
enzymes is RCHNH2COOH + RCH2NH2 + C02, essentially a hydrolytic splitting of the 
carbon to carbon bond. During the reaction of these enzymes, unless carried out in 
adequate buffering medium, a pH change may occur. 

Tests of glutamic decarboxylase of 5. coli showed no significant activity 
in the electrochemical cell. 

c. Urease 

Urease, catalyzing the reaction, CO(NH2)* + H20 + 2 NH3 + CO2, has been 
a dilemma in the bioelectrochemical field. The reaction occurs through the mechanism 
related to general hydrolytic reactions. 

+ R  + ROH + En-H 
\ k/'En-HoH 'HOH I R-En + HOH 

In the case of urea, ROH would be the intermediate carbamide which is subsequently 
hydrolyzed to NH3 and C02 by a second reaction sequence similar to that shown. 
There is no significant electron redistribution during the enzyme action nor is any 
intermediate formed which would be expected to have significant electrochemical 
activity under physiological conditions. Yet, a number of sources (12, 13) report 
significant amounts of current and power obtainable from the action of this enzyme 
on urease in an electrochemical cell. Normally, one would not expect to have a 
significant electrochemical oxidation of ammonia at the pH of the optimal conditions 
for enzyme activity and survival and this presumption is borne out in tests of 
the oxidation of ammonia as illustrated in Figure 5. In a cell with a bright plati- 
num electrode, no significant difference in behavior is observed between cell solu- 
tion containing buffer alone, and buffer plus ammonia. However, the action of 
urease upon urea appears t o  give significant increase in current as shown for com- 
mercial urease preparations in Figure 6 and for a crystalline urease preparation in 
Figure 7. 
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It became evident  i n  e a r l y  work t h a t  the  pH had a profound e f f e c t  upon 
t h e  r e s u l t s  obtained with urease  a s ,  for example, is demonstrated i n  Figure 8.  
The d i f f e r e n c e  between commercial enzyme prepara t ions  and p u r i f i e d  enzyme i s  a l s o  
ev ident  from comparison of Figures 6 and 7.  It w a s  poss ib l e  t o  prove t h a t  t he  
commercial p repara t ions  of  enzyme contained s e v e r a l  kinds of  e lec t rochemica l ly  
active material by d i a l y s i s  experiments. Samples of  urease  were d ia lyzed  aga ins t  
l imi t ed  q u a n t i t i e s  of  buf fer  and the  dialyzing buf fer  w a s  r e t a ined  for  subsequent 
determinat ion of  e lectrochemical  a c t i v i t y  along wi th  the  d ia lyzed  enzyme. 
shown i n  Figure 9 ,  the  electrochemical  a c t i v i t y  of  such a p u r i f i e d  u reasewrea  sys- 
t e m  i s  much reduced from t h a t  found i n  the  nondialyzed prepara t ion  (Figure 6) and 
both the  f i r s t  and second d ia lyz ing  buf fers  conta in  l a rge  amounts of  e l e c t r o a c t i v e  
material. However, the  p u r i f i e d  enzyme is  seen t o  r e t a i n  electrochemical  a c t i v i t y .  

As 

The cu r ren t  ob ta inable  with the  urea - urease  system i s  observed t o  be 
d i r e c t l y  propor t iona l  t o  the  ex ten t  of hydro lys is  (Figure 10). 
shown he re  i t  became evident  t h a t  hydrolysis  w a s  occur r ing  considerably more 
r a p i d l y  than had been expected. Under these  circumstances i t  seemed poss ib l e  t h a t  
t he  ex ten t  o f  r e a c t i o n  might have r e su l t ed  i n  breaking through the  buf fer ing  capa- 
c i t y  of the  medium. A test of  pH change and cu r ren t  production with the commercial 
enzyme showed a d i r e c t  p a r a l l e l  between r ise  i n  pH and r ise  i n  cu r ren t  (Figure 11). 
I n  a confirming test t o  e s t a b l i s h  t h e  e f f e c t  of pH, a change i n  cu r ren t  w a s  ob- 

s u f f i c i e n t  a l k a l i  t o  the  urease alone t o  induce the  same pH change which normally 
occurs upon the  hydro ly t i c  r e a c t i o n  (Figure 12) .  

I n  the  experiment 

,U,,Aed s.F,ilar to tho* F-..o.4 in +hn -,-,nl ..-----n..~-- -.--*-- sirIply L-- uy auusut; - r l A : - -  +-a,’- 
L u a L  LUULLU L L I G  UULIILCLA u&sauF: uLca a y o ~ s u ~ ,  

A f i n a l  test of  t he  e f f e c t  of  pH w a s  made through the  use  of a bu f fe r  
o f  maximum s t r e n g t h  (2.5 M ,  pH 6.5).  No change i n  cu r ren t  w a s  observed during 
the  hydro ly t i c  r e a c t i o n  nor w a s  t he re  any s i g n i f i c a n t  pH change i n  t h i s  experiment. 

Further  tests of p u r i f i e d  urease,  r a t h e r  than the  commercial p repa ra t ion ,  
demonstrated t h a t  i t  w a s  poss ib le  by d i e l y s i s  t o  remove impur i t i e s  o f  low molecular 
weight t o  e l imina te  background c u r r e n t s . t o t a l l y .  
be observed during hydro ly t i c  reac t ions .  These tests a l l  i n d i c a t e  t h a t  any e l e c t r o -  
chemical a c t i v i t y  obtained from the  r eac t ion  of urease  upon urea must be due t o  the  
inc rease  i n  pH as a r e s u l t  of  hydrolysis  which l a b i l i z e s  t o  e lectrochemical  oxida- 
t i o n  some o f  the  impur i t ies  normally found i n  the  urease prepara t ions .  

No change i n  cu r ren t  would then 

3.3 OXIDATIVE ENZYMES 

Of the  oxida t ive  enzymes t e s t ed ,  only one, D-amino a c i d  oxidase,  showed 
i n i t i a l  r e s u l t s  compatible with a d i r e c t  p a r t i c i p a t i o n  of  enzyme i n  the e l ec t rode  
r e a c t i o n .  Accordingly, the g r e a t e s t  e f f o r t  w a s  expended i n  c h a r a c t e r i z a t i o n  o f  
the  r e a c t i o n  respons ib le  for  t h i s  e f f e c t .  A s  w i l l  be demonstrated i n  the  following 
paragraphs,  even f o r . t h i s  system the  power w a s  obtained through an  i n d i r e c t  
mechanism. 
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CONDITIONS: UREASE, COMMERCIAL, 333 MG IN 50 ML. pH 6.5, 
0.1 M PHOSPHATE BUFFER, DIALYZED AGAINST 50 ML BUFFER TWICE, 
48 HR (A) AND 2.5 HRS (B) 30 ML OF DIALYZED ENZYME (U) OR 
DIALYZING MEDIA (A OR B) USED IN ELECTROCHEMICAL CELL TESTS. 
450 MG UREA ADDED AT INDICATED POINTS. ANODE POTENTIAL 
0.6 V VERSUS SCE. 
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FIGURE 9 .  EFFECT OF DIALYSIS ON CURRENTS FROM COMMERCIAL UREASE 

-20- 



K 
w 
LL 

F 
0 

kl 
0 

z 
0 
H 

3 w 
d 

-21- 



c w u 
v) 

> 
y! 
0 

I- 
4 

I u 
n 
I 
4 
3 
I- z 
W a a 
3 u 

N 

\ 

Y 

-7.0 
I 
P 

-6.8 

.7 M PHOSPHATE BUFFER 

COMMERCIAL (56 SU) 

-6.6 
200 MG UREASE, 

- 6.4 450 MG UREA ADDED 

IO 20 
TIME (MINUTES) 

FIGURE 11. CHANGE I N  CURRENT AND pH DURING UREA HYDROLYSIS 

W u 
v) 

> 
0 
Y) 

k 
4 

N 
I u 
\ s 

> 

30 ML 0.7 M PHOSPHATE 

200 MG COMMERCIAL 

50 
BUFFER, pH 6.5 

UREASE (56 SU) 

0 

10 - TO pH 7.6 I 
I w a a 

u 20 40 
I I I I 

60 
3 

TIME (MINUTES) 
R04231 

FIGURE 12. EFFECT OF pH ON UREASE CURRENT 

-22- 



a .  Sugar Oxidases 

Glucose oxidases o f  varying s p e c i f i c i t i e s  may be obtained from a v a r i e t y  
of sources .  I n  genera l  the  r e a c t i o n  they perform is  

H 
b 

R - C - OH + En + R - C = 0 + EnH2; EnH2 + O2 -3 En + H 0 
I 1 2 2 '  

CR OR 
I I1 

I n  t h i s  r eac t ion  I and I1 correspond to the  hemi-acetal  form o f  t h e  sugar and the  
de l t a - l ac tone  of  the  a ldon ic  a c i d ,  respec t ive ly .  The enzymes are normally f lavo-  
p r o t e i n s  and might have some chance of being re-oxidized anodica l ly  i n  a n  anaerobic  
system. Other mediators may s u b s t i t u t e  fo r  the  oxygen, forming the  oxidized media- 
t o r  r a t h e r  than hydrogen peroxide.  

Commercial glucose oxidase is normally an  enzyme obtained from fungi ,  
p a r t i c u l a r l y  Penic i l l ium or Aspergi l lus  spec ies .  This oxidase has been s tudied  
ex tens ive ly  here  and i n  o ther  l abora to r i e s  and found incapable o f  d i r e c t  r eac t ion  
zlthsiigh significant currents may be obtained when a mediator such as f e r r i cyan ide  
o r  2,6-dichlorophenol-indophenol is used. Sugar oxidases from Iridophycus 
flaccidum (a  r ed  a l g a )  and from oranges have d i f f e r e n t  e l e c t r o n  acceptor  s p e c i f i c i t i e s  
from the  fungal enzymes so these  were a l s o  t e s t e d  t o  determine r e l a t i v e  e l ec t ro -  
chemical e f f e c t s .  Resul t s  were negative wi th  these  enzymes in so fa r  as d i r e c t  re- 
a c t i o n s  w e r e  concerned although e lec t ron  carrier mediated cu r ren t s  were produced. 
Aerobica l ly ,  small cu r ren t s  were found i n  a l l  cases as a r e s u l t  of the hydrogen 
peroxide formed i n  the r eac t ion .  

b.  Lactic Dehydrogenase and Alcohol Dehydrogenase 

L a c t i c  dehydrogenase functions t o  t r a n s f e r  hydrogen and e l e c t r o n s  from 
l a c t i c  a c i d  t o  NAD with the  formation of pyruvic a c i d .  Alcohol dehydrogenase 
performs a s i m i l a r  funct ion with a lcohols ,  forming the  corresponding aldehydes.  
Some oppor tuni ty  might exist  for  d i r ec t  enzyme r e a c t i o n  with the  e l ec t rode  during 
the  t r a n s f e r  s t a g e ,  bu t  the mechanism usua l ly  considered f o r  these enzymes involves  
a r e a c t i o n  occurr ing with both the co-enzyme and the  s u b s t r a t e  a t t ached  to  t h e  
enzyme simultaneously i n  c lose  jux tapos i t ion  so t h a t  any intermediate  s ta te  would 
be o f  f l e e t i n g  dura t ion .  I n  the  absence of  t he  co-enzyme the substrate-enzyme 
complex may form but no e l e c t r o n  t r ans fe r  is  e f f ec t ed .  Tests o f  these  enzymes 
e i t h e r  wi th  s u b s t r a t e  a lone or  wi th  subs t r a t e  and NAD demonstrated a t o t a l  l ack  
o f  t r a n s f e r  of  e l ec t rons  to  the anode i n  e i t h e r  case .  Thus, i t  appears t h a t  
n e i t h e r  t he  enzyme-substrate complex nor the  reduced NAD i s  capable of  r e a c t i o n  a t  
a b r i g h t  platinum e lec t rode  ( i n a c t i v i t y  o f  NADH2 w a s  confirmed by d i r e c t  tes ts) .  

c .  Lac t i c  Dehydrogenase-diaphorase-NAD Coupled Reaction 

Diaphorase i s  a f lavopro te in  which oxid izes  NADH2 ae rob ica l ly  or  w i th  
var ious  mediators .  A s  ind ica ted  above, NADH2 i s  not  oxidized e lec t rochemica l ly  
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but  i t  is  conceivable tha t  the f lavoprotein which does oxid ize  i t  might r e a c t .  To 
test t h i s  system l a c t i c  dehydrogenase was used as a reducing agent (with l a c t i c  acid)  
t o  maintain a continuous supply of the reduced NAD which, i n  tu rn ,  would maintain the 
reduced form of diaphorase.  Again, l i t t l e  o r  no a c t i v i t y  w a s  found except when e l ec -  
t ron  t r a n s f e r  mediators were introduced. 

d .  Mitochondria 

Mitochondria contain a s e r i e s  of ox ida t ive  enzymes concerned with t rans-  
f e r r i n g  e l e c t r o n s  i n  cont ro l led  manner i n  such a way t h a t  each change i n  energy during 
the  t r a n s f e r  from the  s u b s t r a t e  t o  the  f i n a l  acceptor  (usua l ly  oxygen) may be e f f i -  
c i e n t l y  s to red  as chemical energy i n  t h e  form of  ATP. From 2 t o  3 ATP molecules are 
formed from ADP fo r  each s u b s t r a t e  oxidat ion and two e l e c t r o n  t r a n s f e r .  Thus t he re  
i s  opportuni ty  a t  a number of po in ts  for r eac t ion  i n  an electrochemical  system. 
eve r ,  tests of mitochondria here  revealed, as with the  o ther  ox ida t ive  systems t e s t e d ,  
t h a t  only with an e l e c t r o n  t r ans fe r  mediator such as fe r r icyanide  was i t - p o s s i b l e  t o  
obta in  u s e f u l  e lectrochemical  energy. With such mediators cu r ren t s  ava i l ab le  during 
oxida t ion  of succ ina te  were d i r e c t l y  proport ional  t o  the concentrat ion of  the  e l ec -  
t ron  t r a n s f e r  agent as demonstrated i n  Figure 13. It i s  apparent t h a t  i n  t h i s  re- 
a c t i o n ,  with s u f f i c i e n t  mitochondria t o  u t i l i z e  about 1.5/-tmoles of  oxygen pe r  
minute, the c a r r i e r  is t he  l imi t ing  factor  i n  the  electrochemical  r eac t ion .  

How- 

e. D-Amino Acid Oxidase 

The r eac t ion  performed by DAO i s  r a t h e r  complex. The sequence of  r eac t ions  
during normal aerobic  oxidat ion is: 

(1) RCH NH2COOH + 

anaerobic  + A 

En --+ RC (=NH) COOH. EnH2 

enzyme-substrate 
complex 

RC (=NH) COOH + H2A + En 

RC(=NH)COOH + En + H202 

(3) RC(=NH)COOH + H 0 + R-CO-COOH + NH3 2 

Thus, i n  the  normal r eac t ion ,  th ree  products are formed from the o r i g i n a l  
s u b s t r a t e ;  t he  pyruvic ac id  de r iva t ive ,  ammonia and hydrogen peroxide. Anaerobi- 
c a l l y ,  i t  would be expected tha t  only ammonia and reduced enzyme would be formed. 

I n i t i a l  tests w i t h  conrmercial DAO prepara t ions  were inconclusive due t o  
the  low a c t i v i t y  of such preparat ions.  Accordingly, higher a c t i v i t y  samples were 
prepared i n  the  Philco Laboratories.  Although cu r ren t s  obtained with these prepara- 
t i ons  when a c t i n g  on the  normal test s u b s t r a t e ,  D-alanine, were low they were 
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s i g n i f i c a n t l y  higher than obtained w i t h  o the r  ox ida t ive  systems t e s t ed .  A tes t  of  
a number of a d d i t i o n a l  s u b s t r a t e s  f o r  DAO revealed t h a t  t h e r e  were l a r g e  d i f f e rences  
i n  the  a b i l i t y  t o  support  a current.;Asshown i n  Figure 14, tryptophan w a s  much 
supe r io r  t o  o ther  amino a c i d s .  Tyrosine and h i s t i d i n e  a l s o  had s i g n i f i c a n t l y  higher  
apparent  a c t i v i t y  than a l an ine  o r  s e r ine  and output  w a s  improved by use o f  t he  elec- 
t ron  t r a n s f e r  agent f e r r i cyan ide .  

The r e s u l t s  shown here  were obtained with c e l l  opera t ion  procedures which 
appa ren t ly  allowed a small amount of  oxygen t o  e n t e r  t he  ce l l  a t  t i m e s .  Subsequent 
experiments with a change i n  procedure t o  ob ta in  b e t t e r  anaerobic  condi t ions re- 
s u l t e d  i n  complete loss  o f  most of  the apparent  a c t i v i t y  fo r  a l l  the  amino a c i d s .  
As a consequence o f  t h i s  discovery,  t r ials were made i n  which the  c e l l  w a s  maintained 
f u l l y  ae rob ic .  Representat ive r e s u l t s  are shown i n  Figure 15 and i n  16,  where the  
ae rob ic  cu r ren t  i s  shown t o  be dependent upon the  concent ra t ion  of  s u b s t r a t e ,  t ryp to-  
phan, a t  constant  enzyme concentrat ion.  The l i m i t i n g  cu r ren t  w a s  a l s o  found t o  be 
dependent upon the  enzyme concentrat ion.  This i s  shown i n  Figure 1 7  where t h e  da t a  
is  p l o t t e d  as the  r e c i p r o c a l  of  the  enzyme concent ra t ion  aga ins t  t he  r e c i p r o c a l  of  
t he  cu r ren t .  The meaning o f  the s t r a i g h t  l i n e  curves found with t h i s  type of  repre-  
s e n t a t i o n  is not  e n t i r e l y  c l ea r  a t  t h i s  t i m e  but i t  i s  probably r e l a t e d  t o  the  keto- 
enol  equi l ibr ium discussed l a t e r .  

It hecnmes O b V i O U S ,  in t h e  l i g h t  cf these da ta ,  that the mjm e l e c t r o -  
chemical r e a c t i o n  with DAO i s  not  t h e  r e a c t i o n  of  t h e  reduced enzyme wi th  the  I 

e l e c t r o d e .  I f  t he  reduced enzyme were r e a c t i n g ,  oxygen would be expected t o  com- 
pe te  success fu l ly  with the  anode fo r  oxidat ion o f  t h e  enzyme and admit t ing a i r  
would reduce the a v a i l a b l e  cu r ren t .  Instead,  oxygen s t imu la t e s  t he  r e a c t i o n  and i t  
i s  apparent  t h a t  one of  t h e  products formed under ae rob ic  condi t ions  must be e l e c t r o -  
act ive.  The cur ren t  y i e ld  from the  enzyme r e a c t i o n  i s  s t i l l  h ighly  dependent upon 
the  s u b s t r a t e  used as shown i n  Figure 15 where the e f f e c t s  o f  ae rob ic  condi t ions  on 
u t i l i z a t i o n  of  tryptophan, Tyrosine has a 
l imi ted  s o l u b i l i t y  which prevents  i t s  comparison with these  amino a c i d s  on the  same 
b a s i s  as i s  i l l u s t r a t e d  he re ,  but  i t  was found t h a t  equal  concent ra t ions  of  t ryp to-  
phan and ty ros ine  were equal ly  e f f e c t i v e ,  Thus, the  electrochemical  r e a c t i o n  seems 
dependent upon the main organic  s t r u c t u r e  and the re fo re  i t  would not  be expected t h a t  
products such as hydrogen peroxide o r  ammonia, products  common t o  a l l  r e a c t i o n s ,  
would be involved i n  the  main cu r ren t  production. Hydrogen peroxide w a s  found t o  be 
r e spons ib l e ,  however, for  t h e  small curren t  obtained from a l a n i n e  and phenylalanine.  
When c a t a l a s e  w a s  added t o  the  r eac t ion  medium t o  decompose hydrogen peroxide as 
r a p i d l y  as i t  formed, the  cur ren t  from tryptophan w a s  no t  a f f e c t e d  but  c u r r e n t s  f a i l e d  
t o  develop wi th  a l an ine  o r  phenylalanine,  when c a t a l a s e  w a s  added before  admi t t ing  a i r ,  
o r  decayed to  ze ro ,  when the  add i t ion  w a s  made a f t e r  the ae rob ic  cu r ren t  w a s  developed. 
T e s t s  f o r  cu r ren t s  with pure hydrogen peroxide a t  t h e  same pH used here  (pH 8 . 3 )  
demonstrated t h a t  t h e  amounts of  hydrogen peroxide which might be expected as a product 
of these  r e a c t i o n s  would be capable of support ing t h e  cu r ren t s  found i n  t h e  la t ter  
two cases. 

phenylalanine and a l a n i n e  are explored.  

Ammonia had been found inac t ive  under the  r e a c t i o n  condi t ions  used i n  the  
urease  i n v e s t i g a t i o n  and i t  w a s  s imi l a r ly  found t o t a l l y  i n a c t i v e  under the  condi t ions  
used i n  the  DAO r eac t ion .  Therefore,  i t  appeared t h a t  t h e  organic  product of  the  
r e a c t i o n ,  t h e  pyruvic a c i d  d e r i v a t i v e  must be respons ib le  fo r  t he  cu r ren t  development. 
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FIGURE 17. RECIPROCAL PLOTS OF ENZYME CONCENTRATIONS AND 
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Tests of the electrochemical characteristics of various pyruvate derivatives were 
started and attempts were made to establish the relation of current density to 
product concentration and to determine the yield and mechanism of the electro- 
chemical reaction. Tests of DAO at high 
concentration in attempts to detect any possible direct reaction of enzyme electro- 
chemically are also included in Section 4 .  Use of DAO and tryptophan in attachment 
studies is given in Section 5. 

This work is presented in Section 4 .  

3.4 REDUCTIVE ENZYMES 

Normally, it might not be expected that the reductive enzyme could be 
expected to have a direct contribution in an electrode reaction although it may 
readily reduce one substrate at the expense of another to make a product which is 
easily oxidized anodically. It also appeared worthwhile to consider the possibil- 
ity that the intermediate enzyme-substrate systems might have some degree of re- 
activity electrochemically. Therefore, a study of a sulfite-nitrite reductase 
system was undertaken as an example of  a reduction sequence which had more than 
average possibility for direct reaction. 

a. Sulfite-Nitrite Reductase from E. Coli 

The NADPH2 specific sulfite-nitrite reductase of E. - -  coli carries out a 
rather complex set of reactions. It may use as oxidizing substrates nitrite, 
hydroxylamine or sulfite with only NADPH2 being active as the reducing substrate. 
Overall reactions are given below; 

- 
NO2 + 3NADPH + 2H20 NH3 + 3NADP' + 40 H- 

(2) HS03- + 3NADPH + H20 + H2S +'3NADP+ + 40H- 
(3) NH20H + NADPH - NH3 + NADP' + OH: 

In the reaction with either the sulfite or nitrite, no intermediate 
products are released into the medium and there is no exchange of labeled nitrogen 
from nitrite into unlabeled hydroxylamine when the two are incubated simulta- 
neously. Thus, it appears that the substrates nitrite or sulfite remain attached 
to the enzyme throughout the entire six electron exchange while being reduced to 
ammonia or hydrogen sulfide. In regard to making use of this enzyme in an indirect, 
cyclic reaction for a bioelectrode, the complete reduction sequence is undesirable 
since a possible intermediate, hydroxylamine, is readily oxidized electrochemically. 
If it were possible to interfere with the full sequence in such a way as to force 
release of hydroxylamine after a four electron exchange, an efficient cyclic half 
cell might be established based upon the anodic re-oxidation of the hydroxylamine 
to nitrite. Hydroxylamine is actually oxidized in rFlatively high yield to nitrite 
under conditions which might be used in a bioelectrode. The data presented in 
Figure 18 indicate that 3.75 electrons are given up by hydroxylamine during a fast 
reaction, probably to nitrite, while another 0.35 electron was obtained in the 
slow reaction following. This compares with the variable yields from 2.0 to 4.6 
electrons for the electrochemical oxidation of hydroxylamine as determined by 
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Lingane and Jones (14) o r  Davis (15). These au thors  were car ry ing  out  the  
oxida t ions  i n  ac id  s o l u t i o n  and concluded t h a t  the  products w e r e  complex. I n  
both cases ,  the  anodic p o l a r i z a t i o n  po ten t i a l  w a s  equal  t o  o r  g r e a t e r  than 1 .0  v o l t  
s o  t h a t  ox ida t ion  of n i t r i t e  t o  n i t r a t e  might be expected. Under the  physiological  
condi t ions  and low p o t e n t i a l s  used here the  probable major product i s  n i t r i t e .  
a r e a c t i o n  could be pumped by the  oxidat ion of  organic  material t o  supply the re- 
duced NADP requi red  f o r  t he  enzymatic formation of  the  hydroxylamine. 

Such 

Electrochemical tests of the o the r  s u b s t r a t e s  f o r  the  enzyme showed t h a t  
n e i t h e r  s u l f i t e  nor n i t r i t e  (Figures 19 and 20) underwent s i g n i f i c a n t  ox ida t ion  
under normal enzyme r e a c t i o n  condi t ions.  
t he  cu r ren t  found wi th  s u l f i t e  w a s  probably due t o  impur i t i e s  as shown by the r ap id  
f a l l  o f  cu r ren t  with t i m e .  

Weak oxida t ion  o f  n i t r i t e  occurred but  

Another poss ib l e  mode of  ac t ion ,  however, would be the  r e a c t i o n  of the  
enzyme-substrate complex i n  the  p a r t i a l l y  reduced s t a t e .  Since the  s u b s t r a t e  must 
dwell  upon the  enzyme through a series of th ree  sepa ra t e  r e a c t i o n s  with NADPH2, 
t h e r e  would be a g r e a t e r  than normal period f o r  o ther  r e a c t i o n s  t o  occur.  Thus, i t  
might be poss ib l e  fo r  t he  hydroxylamine t o  react e lec t rochemica l ly  while  s t i l l  a t -  
tached t o  t h e  enzyme. This w a s  the  i n i t i a l  hope i n  t e s t i n g  the enzyme system. Sub- 
sequent t e s t i n g  o f  analogous models, i . e . ,  hydroxamic a c i d s ,  i nd ica t ed  t h a t  t h e  
zirlide 3'i L ---- -1 c ---- c 1 f I----- --  ̂ I- --c ,,e,-, ...-.A -- 1 1 "-*<-.- TLr. - - n  vuuuu I U L ~ ~  O L  uyuLuny1ou;ue a L c  uuL e1eCLLuChetu&LaL*~ a L L A v C .  L A i G  y u u ~ i -  

b i l i t y  exists t h a t  while such a reac t ion  might no t  be expected t o  be h igh ly  e f f i -  
c i e n t  i n  s o l u t i o n ,  where the  enzyme-substrate would have t o  o r i e n t  i t s e l f  w i th  
r e spec t  t o  the  e l ec t rode  t o  enable  r eac t ion ,  i t  might be e f f i c i e n t  under some con- 
d i t i o n s  wi th  e l ec t rode  a t tached  enzymes. 

Since the r e a c t i o n  sought was o f  low p r o b a b i l i t y ,  a l l  t h e  tests were per- 
formed i n  the  small c e l l  (Figure 3 ) .  This permit ted the  use of enzyme molar 
concent ra t ions  approximating the  values normally used fo r  the  s u b s t r a t e  i n  the  
v i c i n i t y  of  t he  e l ec t rode .  Enzyme was prepared,  as ind ica ted  i n  Sect ion 2.1 by 
modi f ica t ions  of  published procedures.  Subs t r a t e  and buf fer  w e r e  placed i n  the  
chamber wi th  the  enzyme. (Enzyme concentrat ions were too low t o  enable  use  o f  the 
separa ted  ano ly te  and e l ec t rode  compartments.) Current tests w e r e  made wi th  
enzyme and s u b s t r a t e  a lone  a f t e r  allowing a s u f f i c i e n t  per iod f o r  reaching e q u i l i -  
brium. Then a s u f f i c i e n t  amount of  NADPH2 w a s  added, i n  a s m a l l  volume o f  l i q u i d ,  
t o  permit alm'ost complete reduct ion  of t he  n i t r i t e  i n  the  system. I n  the  i n i t i a l  
experiments,  using enzyme a t  about 10-5 M the  cu r ren t s  rose  from the  background 
cu r ren t  of  0.5 pa/cm2 t o  about 5 pa/crn2 upon add i t ion  of  the  reducing agent .  
Similar  r ise i n  cur ren t  w a s  no t  found when the enzyme w a s  omit ted i n  the  experiments: 
However, i n  subsequent tests,  with enzyme a t  the  same or  higher l e v e l s ,  t he re  w a s  
l i t t l e  o r  no increase  i n  po la r i z ing  current  upon add i t ion  of  the  coenzyme. Thus, 
i t  w a s  necessary t o  conclude t h a t  t h e  r e s u l t s  i n  the  f i r s t  few experiments must have 
been due t o  impur i t ies  i n  one of  the  reagents ,  and t h a t ,  under these  condi t ions ,  the  
r e a c t i o n  of  the  enzyme o r  enzyme subs t r a t e  with the  e l ec t rode  i s  n e g l i g i b l e  o r  
undetec tab le .  It remains t o  be seen ,  however, whether such a r e a c t i o n  could be made 
e f f i c i e n t  e lec t rochemica l ly  through an o r i en ted  attachment o r  through the  use  of an 
i n h i b i t o r  which might force  d i s soc ia t ion  of  the  s u b s t r a t e  a f t e r  only a par t ia l  
reduct ion .  

Enzymes which do not  c a r r y  reduct ion of  n i t r a t e  o r  n i t r i t e  t o  the  ammonia 
s t a g e ,  such as those of  t he  den i t r i fy ing  b a c t e r i a ,  might a l s o  be u s e f u l .  Such en- 
zymes, not  ye t  adequately s tud ied ,  might permit release o f  in te rmedia te ,  e l e c t r o -  
a c t i v e  products .  
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SECTION 4 

MECHANISM OF THE ELECTROCHEMICAL REACTION 
I N  THE D-AMINO ACID OXIDASE SYSTEM 

A s  ind ica ted  i n  the  Section 3.1.2E, the  D-amino ac id  oxidase system 
appeared t o  give r i s e  t o  oxidized der iva t ives  of t h e  amino a c i d ,  i n  c e r t a i n  
cases ,  which were e l e c t r o a c t i v e  while the amino a c i d  w a s  n o t .  
t he  ammonia and hydrogen peroxide,  were excluded as poss ib le  p a r t i c i p a n t s  i n  the  
electrochemical  r eac t ion  i n  these  cases .  The production of a new e l e c t r o a c t i v e  
spec ies  i n  t h i s  r eac t ion  seemed t o  warrant fu r the r  study t o  cha rac t e r i ze  the  
r eac t ions  occurr ing and t o  attempt t o  determine the  e f f i c i e n c y  of t he  o v e r a l l  
r e a c t  i on ,  

Other products ,  

4 1 ELECTROCHEMICAL REACTIVITY OF VARIOUS PYRUVIC A C I D  DERIVATIVES 

The amino ac ids  producing the most e lectrochemical  a c t i v i t y  i n  the  
DAO system were tryptophan and tyros ine  ( t h e  l a t t e r  on the  b a s i s  of cu r ren t  
values  p e r  u n i t  of concentrat ion s ince  it i s  of low s o l u b i l i t y  with correspond- 
ing ly  low curren t  va lues ) .  Accordingly, t e s t s  were made of t he  electrochemical  
a c t i v i t y  of the  corresponding pyruvate de r iva t ives  of these  amino a c i d s ,  i n  
comparison with those of amino ac ids  having low electrochemical  y i e ld  va lues .  
Figure 2 1  obtained with indole-3-pyruvic a c i d  (IPA) shows a r e l a t i v e l y  high 
electrochemical  a c t i v i t y  with cu r ren t s  roughly propor t iona l  t o  t h e  amount of IPA 
p resen t .  The f i r s t  t h ree  po in t s  on t h i s  cha r t  were obtained by adding measured 
a l i q u o t s  of a concentrated so lu t ion  of IPA t o  the  buf fer  i n  the  electrochemical  
c e l l  while t h e  points  f o r  t h e  h ighes t  concentrat ions were obtained by adding 
s o l i d  IPA t o  the  buf fer  so lu t ion  and taking measurements as soon as s o l u t i o n w a s  
complete. A s  w i l l  be demonstrated l a t e r ,  t h i s  is the  reason f o r  t h e  break i n  the  
curve as obtained.  Table 1 shows the  r e s u l t s  obtained i n  s i m i l a r  experiments 
with phenylpyruvic a c i d  (PPA) and p-hydroxyphenyl pyruvic a c i d  (HPA). 
t h e r e  i s  no s i g n i f i c a n t  cur ren t  obtained from the  PPA, the  HPA va lues  a r e  q u i t e  
s i m i l a r  t o  those obtained f o r  IPA a t  similar concent ra t ions .  Experiments with 

While 
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TABLE 1 

EECTROCHEMICAL OXIDATIM OF AROMATIC PYRUVIC ACIDS 

Phenylpyruvic Acid (PPA) 

Conditions: 0.1M pyrophosphate b u f f e r ,  pH 8.3, 
anolyte volume-25 m l ,  Nitrogen gas phase 

Buffer +209 unstable  neg l ig ib l e  

14.4 , p g / m l  PPA +2 10 unstable  neg l ig ib l e  

28i8 pg/ml PPA +2 15 unstable  neg l ig ib l e  

57.6 pg/ml PPA +2 15 unstable  neg l ig ib l e  

115 pg/ml PPA +2 13 uns tab le  neg l ig ib l e  

p-Hydroxyphenyl Pyruvic Acid (HPA) 

Conditions: as above 

C e l l  Contents V 0 ( d  V C ( d  Icua/cm2) 

Buffer +2 34 

18 pg/ml HPA +150 

35 pg/ml HPA +200 3.5 

65 pg/ml HPA +200 5.5 

114 pg/ml HPA +200 7 . 9  

* V - open c i r c u i t  p o t e n t i a l  
0 

Vc - closed c i r c u i t  po ten t i a l  

IC - load current  

-38- 



1 
8 
8 

pyruvic  a c i d  showed neg l ig ib l e  electrochemical 
i n  t h i s  s e r i e s .  Thus, t h e  a c t i v i t y  appears t o  

a c t i v i t y  f o r  the- parent  compound 
have a connection with the  charac- 

ter  of the  aromatic r i n g  s t r u c t u r e  and i t s  i n t e r a c t i o n  with the  pyruvate s i d e  
chain.  

I 
I 
I 
I 

8 
8 
8 
t 
8 

4.2 DEVELOPMENT OF ANALYTICAL PROCEDURES FOR MEASUREMENT OF IPA I N  
ELECTROCHEMICAL SYSTEMS 

I n  order  t o  measure r e l a t i o n  of t he  electrochemical  r eac t ion  t o  t h e  
formation of IPA i n  the  enzyme system, it w a s  e s s e n t i a l  t o  ob ta in  a means of 
q u a n t i t a t i v e  measurement of  IPA i n  mixtures of IPA and the  s u b s t r a t e ,  tryptophan, 
Checks of t he  absorpt ion spectrum of the DAO-tryptophan r e a c t i o n  system revealed 
t h a t  t h e r e  were some s i g n i f i c a n t  op t i ca l  changes occurr ing during the  progress 
of t h e  r e a c t i o n .  Difference spec t ra  for IPA-tryptophan mixtures aga ins t  t ryp to-  
phan r e fe rence  c e l l s  showed c h a r a c t e r i s t i c s  such a s  those i l l u s t r a t e d  i n  Figure 22. 
Here, it may be seen that the  IPA has two d i f f e rence  spectrum maxima, one a t  
306 mp,  t he  o the r  a t  234 mp. 
Tes t s  were made f o r  use of these  i n f l e c t i o n  poin ts  as a n a l y t i c a l  t o o l s  by making 
c a l i b r a t i o n  curves from varying mixtures of IPA and tryptophan aga ins t  a s tandard 
tryptophan so iu t ion .  30th reference ail4 sample  absorption cs:Ll.s coiitainiA 0.6 mP 
of 0.005 M D-tryptophan. A so lu t ion  of 0.005 M I P A  was a l s o  prepared,  The 
l a t t e r  s o l u t i o n  was used t o  rep lace  a l iquo t s  removed from the sample c e l l  so as 
t o  ob ta in  known concentrat ions of IPA in t h e  presence of known concentrat ions of 
t ryptophan.  The add i t ive  t o t a l  concentrat ion of t he  IPA and tryptophan w a s  
always 0.005 M, corresponding t o  the s i t u a t i o n  which would a r i s e  during t h e  
enzymatic transformation of tryptophan i n  the  electrochemical  c e l l ,  Typical 
c a l i b r a t i o n  curves,  obtained with the  use of an o p t i c a l  spacer t o  give a 1 mm 
l i g h t  pa th ,  a r e  given i n  Figure 23. Good l i n e a r i t y  i s  obtained over t he  range 
inves t iga t ed  f o r  the two pos i t i ve  maximum peaks 

There i s  a l s o  a small negat ive d i f f e rence  a t  265 mp. 

A check of t he  accuracy of t h i s  a n a l y t i c a l  technique as appl ied  t o  
enzyme reac t ions  w a s  made by adding known q u a n t i t i e s  of IPA t o  the  enzyme and 
tryptophan i n  the  electrochemical c e l l  and making spectrophotometric determina- 
t i o n s  of t he  I P A  found under normal operat ing condi t ions .  Under c a r e f u l l y  
anaerobic  condi t ions ,  tryptophan was introduced i n t o  the electrochemical  c e l l ,  
e i t h e r  with o r  without enzyme (0.005 Mtryptophan, 1 .0  m l  p u r i f i e d  DAO). A l i -  
quots  of t he  c e l l  so lu t ion  werethen withdrawn and replaced with similar por t ions  
of 0.005 M IPA. The syr inges and so lu t ions  of IPA were pref lushed with n i t rogen  
t o  ensure completely anaerobic t r a n s f e r  and maintenance of t he  anaerobic condi- 
t i o n s  of the  electrochemical  c e l l .  With such condi t ions ,  t he  I P A  found should 
be almost e n t i r e l y  due t o  t h e  added IPA s i n c e ,  without oxygen o r  o ther  oxidant ,  
t h e  enzyme should not be ab le  t o  form s i g n i f i c a n t  q u a n t i t i e s  of IPA f r o m t h e  sub- 
s t r a t e .  Cata lase  w a s  included i n  the  reac t ion  mixture t o  ensure t h a t  no s i d e  
r eac t ions  might occur from hydrogen peroxide. For the  determinat ions,  0.6 m l  of 
t h e  c e l l  so lu t ion  was t r ans fe r r ed  to  a cuve t t e ,  v i a  syr inge ,  and scanned i n  the  
u l t r a v i o l e t  region using a 1 mm l i g h t  path.  
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Differences between the  added and found IPA, based on the  c a l i b r a t i o n  
curve of Figure 23, a r e  given i n  Table 2 .  
0.0002 M, o r  h igher ,  seem reasonably r e l i a b l e  with the present  method of determi- 
n a t i o n  and some es t imates  may be made for lower concent ra t ions .  

Determ na t ions  i n  the  region of 

TABLE 2 

COMPARISON OF ADDED IPA AND FOUND IPA 
DETERMINED BY SPECTROPHOTOMETRIC ANALYSIS 

IPA Concentrations (M x lo3)  

Calculated From Spectrophotometrically Current Dens i t ies  
Added IPA Determined @A / c d  ) 

0 

+ Enzyme Minus Enzyme + Enzyme Minus Enzyme 

0.02 0.01 3.7 - 
0.25 0.25 0.20 13 10  

0.84  U . I V  91 
&A. 

a n  
dU 

n 7n 
U . I U  

n 7 c  

It should be noted t h a t  the  current  values  found f o r  t h e  IPA without 
enzyme was less than t h a t  found f o r  the  same amount of added IPA when enzyme 
w a s  p re sen t .  
i n t e r a c t i o n  of  IPA with the  e l ec t rode  or due t o  some impurity i n  the  enzyme 
which a f f e c t e d  o r  was a f f e c t e d  by the  IPA t o  produce higher c u r r e n t s  cannot be 
determined a t  t h i s  t ime. 

Whether t h i s  was due t o  a d i r e c t  e f f e c t  of t he  enzyme on the  

Applicat ion of t he  a n a l y t i c a l  procedure t o  an  a c t u a l  aerobic  e l e c t r o -  
chemical system, t o  determine the  r e l a t i o n  of formation of IPA t o  cur ren t  developed 
is given i n  Figure 24.  DAO and ca t a l a se  were added t o  0.005 M D-tryptophan a t  
time zero .  An a l iquo t  was taken immediately f o r  photometric a n a l y s i s .  Some t i m e  
la ter ,  under anaerobic condi t ions ,  t h e  c i r c u i t  w a s  c losed ,  drawing cur ren t  t o  
po la r i ze  a t  a p o t e n t i a l  of 0.200 v (SCE) .  A t  t h i s  time another spectrophoto- 
met r ic  s a m p l e  w a s  withdrawn and analyzed and samples were taken a t  i n t e r v a l s  
f o r  t h e  remainder of t h e  experiment. 
0.0001 M a t  t h e  time t h a t  the  discharge w a s  s t a r t e d .  Opening t h e  c i r c u i t  fo r  a 
sho r t  t i m e  and then r ec los ing  caused a shor t  cur ren t  surge above the  previous 
cu r ren t  even though IPA concentrat ion had not no t iceably  changed. Upon opening 
the  system t o  the  a i r ,  cur ren t  immediately rose ,  p a r a l l e l e d  by a r ap id  r i s e  i n  
IPA concen t r a t ion ,  After  introducing nitrogen aga in ,  the  cu r ren t  remained 
e s s e n t i a l l y  constant  although the  apparent IPA concent ra t ion  continued t o  r i s e  
f o r  a sho r t  t i m e ,  presumably due t o  res idua l  oxygen i n  the  system (or  t o  change 
i n  s t r u c t u r e  of the  IPA as w i l l  be discussed below). 

There w a s  an  apparent IPA concentrat ion of 

Two f a c t o r s  may i n t e r f e r e  f a i r l y  s t rong ly  i n  the  i n t e r p r e t a t i o n  of 
r e s u l t s  obtained with t h i s  a n a l y t i c a l  procedure. During the  t r a n s f e r  of sample 
from the  electrochemical  c e l l  t o  t h e  cuvette and i n t o  t h e  spectrophotometer f o r  
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measurement, t he re  i s  a shor t  period of contac t  with a i r ,  probably permit t ing a 
small amount of enzymatic oxidat ion of tryptophan. Thus, t he  low concentrat ions 
found during the  anaerobic phase of the  r e a c t i o n  above should probably be lower. 
The second f a c t o r  is the  change i n  the s t r u c t u r e  of t he  pyruvate,  with changes 
i n  spectrophotometric c h a r a c t e r i s t i c s ,  due t o  the  keto-enol tautomerism of these  
compounds. Since it i s  not known whether the  DAO r eac t ion  forms the  k e t o  o r  t he  
enol  form f i r s t  from the  amino a c i d ,  i t  is  d i f f i c u l t  t o  determine t o  what ex ten t  
t he  r e a c t i o n  may a c t u a l l y  have proceeded. 

4.3 DETERMINATION OF THE ELECTROACTIVE FORM OF IPA AND HPA 

It became evident  during some of the  e a r l y  tests with IPA t h a t  the 
electrochemical  a c t i v i t y  w a s  not always a simple func t ion  of the  IPA concentra- 
t i o n  under otherwise similar condi t ions.  Di f fe ren t  experiments using the  same 
s o l u t i o n  of the  IPA and buf fer  would not produce the  same electrochemical  a c t i v -  
i t y ,  t he  second determination always showing lower va lues  than the  f i r s t .  The 
problem w a s  p a r t i a l l y  resolved on the  discovery that a f r e s h l y  prepared so lu t ion  
of IPA showed a very  high electrochemical a c t i v i t y  which decreased r a t h e r  r ap id ly  
t o  a much lower value ( see  Figure 25). The cur ren t  d r a i n  i n  these  experiments 
wzs insufficient tn have depleted the IPA concentrat ion s i g n i f i c a n t l y  so it became 
apparent t h a t  t h e  IPA was changing i n  some manner, a f t e r  so lu t ion ,  t o  produce a 
spec ies  which w a s  e lectrochemical ly  inac t ive .  Spectrophotometric examination of 
f r e s h l y  prepared so lu t ions  of IPA revealed, indeed, t h a t  extensive s t r u c t u r a l  
a l t e r a t i o n s  must be occurr ing i n  IPA upon so lu t ion  i n  a bu f fe r .  A s  i l l u s t r a t e d  
i n  Figure 26, t he  f r e s h l y  dissolved IPA has a very high absorp t ion  peak i n  t h e  
r eg ion  of 320 mpwhich diminishes rap id ly  with the  appearance of lower absorbing 
peaks a t  lower wave-lengths. I n  the experiment i l l u s t r a t e d ,  the  spec t ra  were 
obtained by weighing out  a small quant i ty  of IPA, d isso lv ing  i n  buf fer  under 
anaerobic  condi t ions and t r a n s f e r r i n g  rap id ly  t o  t h e  measuring cuvet te .  The 
t o t a l  t i m e  from adding the  IPA t o  the  buffer  t o  the  s tar t  of t he  f i r s t  scan was 
under two minutes. Subsequently, it was discovered that a i r  made no d i f f e rence  i n  
t h e  r a t e  of change of the  spectrum and t h a t  it w a s  poss ib le  t o  prepare concentrated 
so lu t ions  of IPA i n  methanol where t h e  form having the  high absorpt ion peak w a s  
completely s t a b l e  so t h a t  the  course of change i n  aqueous so lu t ions  could be 
followed by adding small amounts of the methanol s o l u t i o n  t o  the  buf fer  a l ready  
i n  a measuring cuve t t e .  

Figure 27 shows the  e f f e c t  of var i ed  solvents '  upon the  spectrum found 
The h ighly  absorbing form was f a r  more s t a b l e  i n  organic  media o r  ac id  f o r  IPA. 

than it  w a s  i n  water o r  bu f fe r s .  

S i m i l a r  t e s t s  with PPA (Figure 28) and HPA (Figure 29) demonstrated t h a t  
these  compounds a l s o  underwent s i m i l a r  changes i n  aqueous so lu t ion .  

Examination of t h e  change i n  HPA spectrum a s  a func t ion  of time and s o l -  
vent  showed t h a t  t he  r a t e  of change from one form t o  the  o the r  w a s  a f f ec t ed  by pH, 
i on ic  s t r eng th  and, t o  a l e s s e r  degree,  s p e c i f i c  ions (Figure 30). Thus, t h e  r a t e  
of change was very slow i n  water a lone but acce lera ted  somewhat by the  add i t ion  of 

-43-  



10( 

9( 

8C 

7c 

6C 

50 

40 

30 

20 

10 

0 

I P A  0.0167 M I N  pH 8.3 
PYROPHOSPHATE BUFFER 
I P A  0.0167 M I N  pH 8.3 
PYROPHOSPHATE BUFFER 

0 2 4 6 8 10 12 14 18 20 22 24 26 

' TIME (MINUTES) R0265 7 

FIGURE 25. CHANGE IN CURRENT JITH TIME FOK FRESHLY DISSOLVED 
IPA 

-44- 



2.0 

1.8  

1.6 

1.4 

1.2 

F 
i3 
3 O 1.0 

0.8 

0.6 

0.4 

0.2 

1. 2 MINUTES AFTER 
SOLUTION 

2 .  8 MINUTES AFTER 
SOLUTION 

3 .  12 MINUTES AFTER 
SOLUTION 

4. 20 MINUTES AFTER 
SOLUTION 

5 .  40 MINUTES AFTER 
SOLUTION 

~ 

200 24 0 280 320 360 4 00 
WAWLENGTH (m /.L ) 

R02655 
FIGURE 26 .  ABSORPTION SPECTRA OF IPA (ABOUT 0.05  MG/ML) I N  pH 

8 . 3  BUFFER, ANAEROBIC 

-45 - 



1 .6  

1 . 4  

1 . 2  

1 . 0  

0.8 

0 . 6  

0 . 4  

0 . 2  

> 4.36  I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

k.21 
LIGHT PATH: 1 CM 

A I N  METHANOL 

B I N  1 M HC1 

C I N  0 .01 M NaOH 

FIGURES AT PEAKS 
INDICATE LOG E 

2 00 240 280 320 360 

WAVELENGTH (mp) 

R02656 

FIGURE 27. u-v SPECTPA OF INDOLE-3 PYRUVIC ACID ( 7 . 9  x 10-5 M) 
IN VARIOUS SOLVENTS 

-46- 



1 
I 
8 
8 
8 
8 
1 
8 
8 
8 
1 
1 
I 
1 
I 
I 
1 

8 
. e  

1.t 

1.4 

1.2 

1 .o 

8 
0.8 

e 

0 . 6  

0.4 

0.2 

FIGURE 

2 00 

28. 

I 
I 
I 
I 
! 
I 
\ 

-47 - 

1. I N  METHANOL 

2 .  IN WATER 

3. 

4. 
IN 0.01 M AQUEOUS NaOH 

I N  pH 7.4 TRIS BUFFER 

250 300 35 0 400 

R 0 4 2 3 3  WAVELENGTH 

SPECTRA OF PHENYL PYRUVIC ACID I N  VARIOUS SOLVENTS 



I 
I 
1 
1 
1 
1 
1 
8 
1 
I 
I 
8 
I 
8 
I 
I 
8 

1 
e 

1 .. 

1 .< 

0.0 

1 0.6 

0.4 

0.2 

FIGURE 29. SPECTRA OF p-HYDROXYP"YL PYRUVIC ACID 

-48- 



1.0 
HETHANOL 

WATER 

NaCl ,  10 mM 
- 

LTRIS, p~ 7 .  
3mM 

PHOSPHATE, pH 
7 . 6 ,  3 IIS 

T R I S ,  pH 7 . 0 ,  

T R I S ,  pH 7.4, 3 mM 
* 9 m M  

PHOSPHATE, pH 7 . 6  
6 d  

T R I S ,  pH 7.4, 9 mM 

' PYROPHOSPHATE, pH 8 .3 ,  
3 m M A N D 9 m M  

I I I 
5 10 15 

TIME (MINUTES) R 0 4 2  35 

FIGURE 30.  RATE OF CHANGE OF HPA ABSORPTION SPECTRUM A S  AFFECTED BY IONS AND pH 

-49 - 



N a C 1 .  Buffer a t  pH 7 ( T r i s )  was not a s  e f f e c t i v e  i n  promoting the  change a s  the  
same buf fe r  a t  pH 7.4. 
phosphate buffer  a t  pH 7.6 a t  t he  same concentrat ion.  I n  most ins tances ,  t he re  
i s  almost a d i r e c t  r e l a t i o n  between the r a t e  of change and t h e  concentrat ion of 
the  bu f fe r  but with pyrophosphate a t  pH 8.3 the  buf fer  i s  equal ly  e f f e c t i v e  a t  
e i t h e r  3 or 9 m i l l i m o l a r  concentrat ion.  

But T r i s  buffer  a t  pH 7.4 w a s  s l i g h t l y  more e f f e c t i v e  than 

Thus, a l l  the  aromatic pyruvic ac id  de r iva t ives  a r e  capable o f  changing 
s t r u c t u r e ,  i n  some manner, i n  making the t r a n s i t i o n  from c r y s t a l  t o  aqueous solu-  
t i o n ,  and t h i s  a l t e r a t i o n  i s  a f f ec t ed  by a v a r i e t y  of f a c t o r s ,  high pH promoting 
t h e  formation of a low absorbancy system, organic so lvents  o r  low pH favoring the  
high absorbancy form. 
t h e  aromatic pyruvates and these  compounds showed the  spectrum c h a r a c t e r i s t i c  of 
high pH so lu t ions  immediately upon dissolving but t he  high absorbancy form could 
be r e a d i l y  regenerated by c r y s t a l l i z a t i o n  of the  f r e e  a c i d ,  from organic so lvents .  

It is poss ib l e  t o  ob ta in  the  c r y s t a l l i n e  sodium salts of 

One of the  obvious p o s s i b i l i t i e s  f o r  a s t r u c t u r e  s h i f t  i n  t hese  compounds 
i s  t h e  keto-enol tautomerism found, t o  a g rea t e r  o r  l e s s e r  degree,  i n  any keto 
compound. It is  wel l  known t h a t ,  i n  the presence of s t a b i l i z i n g ,  resonat ing  
s t r u c t u r e s ,  some ketone groups may ex i s t  almost e n t i r e l y  i n  t h e  enol  form. The 
enol  form is  a l s o  favored by organic solvents and low pH while t he  keto form i s  
promoted by aqueous systems and high pH (except where condi t ions a r e  favorable  
f o r  d i s s o c i a t i o n  of t h e  eno l i c  hydrogen as i n  h ighly  bas i c ,  nonaqueous systems).  
A l l  t hese  f a c t o r s  a r e  cons i s t en t  with the i n t e r p r e t a t i o n  t h a t  the  IPA and HPA exist 
i n  ke to  and enol  forms and i t  i s  the  enol ic  form which i s  undergoing the  e l e c t r o -  
chemical ox ida t ion .  Figure 31 ind ica tes  t he  change i n  s t r u c t u r e  t o  be expected f o r  
eno l i za t ion  of IPA. The r eac t ion  A t o  B i s  supported by many examples i n  the  
l i t e r a t u r e  showing s p e c t r a l  s h i f t s  during the  change from keto t o  enol  form, or 
the  r eve r se ,  s i m i l a r  t o  those observed here .  

However, it i s  not  simply the enol  form which enables r eac t ion  s ince  i t  
i s  apparent ,  from the  s p e c t r a l  s t u d i e s ,  t h a t  PPA enol izes  j u s t  a s  r e a d i l y  a s  do 
HPA and IPA. Thus, t he re  i s  a fu r the r  e f f e c t  assoc ia ted  with the  aromatic r i n g  
s t r u c t u r e ,  which i s  the  only d i f fe rence  between these  th ree  compounds. I n  t h e  
indole  nucleus t h e r e  i s  a very high concentrat ion of p i  e l ec t rons  i n  the  reg ion  
of t h e  n i t rogen  i n  the  r i n g  and s imi l a r ly ,  i n  phenol t he  p i  e l ec t ron  dens i ty  i s  
much g rea t e r  i n  the  region of the carbon assoc ia ted  with the  hydroxyl group. This 
leads  t o  oppor tun i t i e s  f o r  f u r t h e r  resonat ing,  s t r u c t u r a l  s h i f t s ,  a s  exemplified 
by C i n  Figure 31. Thus, i t  becomes qui te  l i k e l y  t h a t  t he  oxida t ive  a t t a c k  i n  the  
electrochemical  r eac t ion  occurs with a modified eno l i c  form of IPA and HPA and it  
i s  poss ib l e  t h a t  t h e  oxida t ion  occurs i n  the  r i n g  s t r u c t u r e .  A similar s i t u a t i o n  
has apparent ly  been found t o  e x i s t  i n  the benzophenone molecule where auto-  
ox ida t ion  seems t o  occur with the  enol ic  form only,  r a t h e r  than the  keto form (16). 
The keto-enol s h i f t  has a ve ry  r e a l  e f f ec t  upon t h e  oxida t ion  p o t e n t i a l  of the  
IPA molecule, as w i l l  be shown i n  the  chronopotentiometric i nves t iga t ions  of t h e  
oxida t ion  of IPA. 
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4.4 DETERMINATION OF ELECTROCHEMICAL YIELDS I N  THE DAO-TRYPTOPHAN SYSTEM 

A one s t ep  oxida t ion  involving a two e l ec t ron  t r a n s f e r  i n  the  e l e c t r o -  
chemical ox ida t ion  of IPA should give r i s e  t o  193,000 coulombs of cur ren t  per mole 
of IPA. A t e s t  of IPA under con t ro l l ed  condi t ions i n  an attempt t o  determine the 
electrochemical  y i e l d ,  using 1 .78  pmoles IPA, and oxid iz ing  a t  0.4 v f o r  a long 
per iod of t i m e ,  y ie lded da ta  ind ica t ing  t h a t  only a small f r a c t i o n o f  the  ava i l ab le  
IPA w a s  being oxidized (Figure 3 2 ) .  I n  the  per iod of time shown, l e s s  than 15,000 
microcoulombs cu r ren t  were obtained of a poss ib le  170,000. The f i n a l  cur ren t  of 
2 pa remained very  constant  over a long per iod of time and it would, a t  t h i s  r a t e ,  
r equ i r e  about 24 hours t o  complete the  reac t ion  assuming no f u r t h e r  decrease i n  
cu r ren t  as  t h e  concentrat ion of IPA dropped. It i s  obvious, from the  form of the  
curve,  t h a t  a simple Nernst r e l a t i o n  i s  not obeyed s ince  the  logari thmic curve does 
not  conform t o  a s t r a i g h t  l i n e  and the  current  i s  e s s e n t i a l l y  constant  toward the  
end of t h e  r eac t ion .  It made l i t t l e  d i f fe rence  whether cu r ren t  w a s  drawn a t  a l l  
times, o r  no t .  The cur ren t  a t  a given time was f a r  more dependent upon the  time 
elapsed from disso lv ing  than t o  the  anodic oxidat ion.  
f o r  the  same period of time t h a t  t he  sample w a s  being t e s t e d ,  would give r i s e  t o  
a cur ren t  i d e n t i c a l  with the  f i n a l  current  obtained f o r  t h e  sample when the  standby 
soli.ition used tc replace +_he a r i o i n a l  0----- s n m p l _ e ,  

A solut ion,al lowed t o  s tand 

4.5 CHRONOPOTENTIOMETRIC STmIES OF THE DAO-TRYPTOPHAN SYSTEM 

The chronopotentiometric apparatus used i n  these  s t u d i e s  was c a l i b r a t e d  
by the  chronopotentiometric ox ida t ion  of ferrocyanide t o  t e s t  t h e  r ep roduc ib i l i t y ,  
r e l i a b i l i t y  and correspondence of constants  found t o  those determined i n  o the r  
l a b o r a t o r i e s .  Tes ts  proved the  r e l i a b i l i t y  of the  system i n  every way. 

When a t t e n t i o n  was given t o  the DAO system, the  f i r s t  ma te r i a l  t e s t ed  
w a s  tryptophan, the  s u b s t r a t e  i n  the  reac t ion .  It was discovered t h a t  chrono- 
poten t iomet r ic  curves var ied  from one determination t o  t h e  nex t ,  with oxid iz ing  
p o t e n t i a l s  increas ing  and the  dura t ion  of the  p o t e n t i a l  h a l t  decreasing i n  sequen- 
t i a l  determinations.  Inves t iga t ion  of t h i s  phenomenon revealed that the  chrono- 
poten t iomet r ic  oxidat ion of fe r r icyanide  w a s  a l s o  inh ib i t ed  progress ive ly  i n  the  
same manner i f  the oxidat ion was car r ied  out i n  the  presence of tryptophan. Thus, 
i t  appeared t h a t  t h e  electrochemical  oxidation of tryptophan was causing t h e  in-  
a c t i v a t i o n  of t he  e lec t rode  i n  some manner so t h a t  the  normal procedure of a shor t  
cathodizing process t o  reduce the  electrode w a s  no longer e f f e c t i v e  i n  preparing 
t h e  su r face  f o r  t h e  next chronopotentiometric ox ida t ion .  Therefore ,  an  a l t e r e d  
procedure w a s  t e s t e d  f o r  preparing the  e lec t rodes  f o r  the  r e a c t i o n ,  as ou t l ined  
i n  Procedures,  Sect ion 2.2d. This ac id ,  a l t e r n a t e  cathodizing,  anodizing treatment 
i s  r e f e r r e d  t o  as "cleaning" and t h e  electrode so t r e a t e d  a "clean" e l ec t rode .  The 
e f f e c t  of the  tryptophan oxida t ion  upon subsequent r eac t ion  and t h e  r e t u r n  of t he  
e l ec t rode  t o  normal operat ion by the  "cleaning" treatment a r e  i l l u s t r a t e d  i n  
Figure 33.  It may be seen t h a t  the chronopotentiometric ox ida t ion  of tryptophan 
f o r  t h e  f i r s t  t i m e  on a c l ean  electrode gives  r i s e  t o  a p o t e n t i a l  h a l t  a t  s l i g h t l y  
above 0.6 v I n  the  subsequent determination, under i d e n t i c a l  condi t ions  except 
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f o r  t he  p r i o r  run ,  t he  poten t ia l - t ime curve devia tes  only s l i g h t l y  from t h a t  found 
f o r  bu f fe r  a lone ,  without tryptophan present .  
e l ec t rode  i t  is  poss ib le  t o  reproduce curve 2 over and over aga in .  Another i t e m  
of no te ,  however, i s  the  f a c t  t h a t  s t i r r i n g  makes no d i f f e rence  i n  the  curve ob- 
ta ined  f o r  t he  chronopotentiometric oxidation of tryptophan. It appears ,  t he re -  
f o r e ,  t h a t  an adsorp t ive  process cont ro ls  t he  electrochemical  r eac t ion  of t ryp to-  
phan r a t h e r  than the  d i f fus ion  process .  These r e s u l t s  a r e  similar t o  those of 
Anson and Schul tz  ( 1 7 )  who reported t h a t  t r a n s i t i o n  times f o r  oxa l i c  a c i d  were 
independent of s t i r r i n g  i n  buffered so lu t ions  above pH 3 .  They were a b l e  t o  account 
f o r  t h i s  behavior on the  bas i s  of an oxal ic  a c i d  adsorpt ion mechanism and on the  
f a c t  that extensive oxidat ion of t he  platinum sur face  occurs  a t  pH values  above 3. 

By obta in ing ,  once more, a "clean" 

Further  support fo r  t he  adsorption mechanism f o r  tryptophan oxida t ion  
w a s  der ived from the  p l o t  of i d / 2  (Figure 3 4 ) .  
c r i t e r i o n  developed by Reinmuth (ll), a pos i t i ve  s lope on t h i s  type of p l o t  p re -  
d i c t s  that the  r eac t ion  involves an  adsorption process .  

According t o  the  d iagnos t ic  

The absence of t he  p o t e n t i a l  a r r e s t  on curve 3 ,  Figure 3 3 ,  i nd ica t e s  
-that e s s e n t i a l l y  no oxidat ion of tryptophan occurs on the  reduced e l ec t rode  a t  
t h i s  pH. Similar r e s u l t s  were obtained on "reducedtt e lec t rodes  with tryptophan 
i n  1 N s u l f u r i c  a c i d .  This iiisiiiis thzt tho ltpnisonFng" i s  due t o  tryptophan oxida- 
t i o n ,  r a t h e r  than simply t o  excessive oxidat ion of t he  platinum a t  the  high pH. 

The oxidat ion wave of IPA a t  5 x 10-3 M on a c l ean  e lec t rode  (pyrophos- 
phate bu f fe r )  was found t o  occur a t  %/4 = 0 . 6 1  t o  0 .63  v (SCE). 
experiments were c a r r i e d  out  with solut ion which had been allowed t o  s tand f o r  
some time p r i o r  t o  the f i r s t  determination. Trans i t ion  t i m e  determinations over 
a range of cu r ren t s  were determined and values  of  ir1I2 a r e  tabula ted  i n  Table 3. 
The constancy of these  values  ind ica t e s  t h a t  t h e  oxida t ion  i n  t h i s  ins tance  is 
d i f f u s i o n a l l y  con t ro l l ed ,  It was not possible  from an ana lys i s  of the  values  of 

The i n i t i a l  

ve r sus  E o r  

versus  E whether t he  oxidat ion process w a s  r e v e r s i b l e  o r  i r r e v e r s i b l e  s ince  
n e i t h e r  p l o t  conformed t o  expected curves. 

There a r e  two o ther  po in t s  of i n t e r e s t  i n  the  electrochemical  ox ida t ion  
of IPA. It was found t h a t  the  oxidation of IPA a l s o  poisons t h e  e l ec t rode  i n  the  
s a m e  manner as found f o r  tryptophan. This i s  demonstrated i n  Figure 35 where 
curve 1 shows t h e  long p o t e n t i a l  h a l t  c h a r a c t e r i s t i c  of the  oxida t ion  on the  

when the  oxida t ion  i s  performed a t  an e lec t rode  which has not had the  d r a s t i c  c lean-  
ing t reatment .  Curves 3 and 4 show the same comparisons using a d i f f e r e n t  cu r ren t .  

clean" e l ec t rode  while curve 2 shows the much reduced p o t e n t i a l  h a l t  obtained 11 
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TABLE 3 

CHRONOPOTENTIOMETRY OF INDOLE-3-PYRUVIC ACID 

r ,  (sec.) 

16 7 
134 
a9 
74.4 
51.6 
28.8 

324 
348 
32 a 
346 
36 0 
322 - 

Ave: 338 (pa-sec.  -112 ) 

Std .  deviat ion:  15.5 

The o the r  point  of i n t e r e s t  was the  change i n  oxida t ion  p o t e n t i a l  with 
time i n  f r e s h l y  prepared so lu t ions  of IPA. This i s  apparent ly  r e l a t e d  t o  the  
change i n  s t r u c t u r e  of t he  IPA upon so lu t ion  i n  a bu f fe r ,  a s  ou t l ined  i n  t h e  pre-  
vious sec t ion .  The e f f e c t  is i l l u s t r a t e d  i n  Figure 36 where curve 1 shows a long 
p o t e n t i a l  h a l t ,  beginning a t  -0.13 v (SCE), f o r  the  f r e s h l y  dissolved IPA, while 
subsequent curves show much reduced in f l ec t ions  a t  t h i s  po in t  and, i n  curve 3, 
the  i n f l e c t i o n  has p r a c t i c a l l y  disappeared. I n  these  experiments, e lec t rode  
poisoning was avoided by maintaining the e l ec t rode  po la r i z ing  p o t e n t i a l  below 
0.9 v (SCE) s ince  i t  had been discovered t h a t  t h e r e  was no inac t iva t ing  e f f e c t  
below t h i s  vo l tage  i n  the  presence of e i t h e r  IPA o r  tryptophan. The r a t e  of 
change i n  the  length of t he  p o t e n t i a l  a r r e s t  a t  t h e  low p o t e n t i a l  corresponds 
f a i r l y  c l o s e l y  t o  the  ra te  of disappearance of t he  "enolic" form of t h e  IPA i n  
spectrophotometric measurements. Thus, it seems reasonable t o  assume t h a t  the  
changes i n  a v a i l a b l e  cur ren t  and the  changes i n  the  oxida t ion  p o t e n t i a l  f o r  IPA 
a r e  due t o  t h e  same f a c t o r ,  a l t e r a t i o n  i n  the  r e l a t i v e  amounts o f ' k e t o  and enol  
forms of t he  pyruvate de r iva t ive .  

The complete DAO-tryptophan system w a s  a l s o  inves t iga ted  with chrono- 
potent iometr ic  techniques t o  determine the func t ion  of t h e  enzyme i n  producing 
e l e c t r o a c t i v e  ma te r i a l .  Figure 37 compares the  chronopotentiometric ox ida t ion  
of tryptophan alone (curves l a n d  2 ) f o r  uns t i r r ed  and s t i r r e d  so lu t ions ,  respec-  
t i v e l y )  with tryptophan p l u s  DAO (curves 3 and 4) t o  show t h a t ,  under anaerobic 
condi t ions ,  the  enzyme causes no change i n  the  poten t ia l - t ime curves.  I n  t h i s  
and subsequent f igu res  showing chronopotentiograms, d i f f e rences  i n  the  poin t  o f  
o r i g i n  of t h e  curves are imposed e l e c t r o n i c a l l y  and do not  represent  a d i f f e rence  
i n  e lectrochemical  behavior.  The da ta  suggest t h a t  e i t h e r  t he  reduced enzyme 
cannot be oxidized electrochemical ly  (adequate time was allowed f o r  complete r e -  
duct ion of the  enzyme) o r  t h a t  t h e  enzyme w a s  not present  i n  high enough concen- 
t r a t i o n  t o  enable de t ec t ion  of any po ten t i a l  a r r e s t  due t o  such electrochemical  
ox ida t ion .  Under aerobic  condi t ions ,  however, a s t i r r e d  so lu t ion  r e su l t ed  i n  a 
continued oxida t ion  a t  constant po ten t i a l  (curve 5 )  with the  p o t e n t i a l  varying 
according t o  the  polar iz ing  cu r ren t .  
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CURVE 1. 5 x 10% D-TRYPTOPHAN ONLY, UNSTIRRED SOLUTION 
CURVE 2. 
CURVE 3. 

5 x lo'% D-TRYPTOPHAN ONLY, STIRRED SOLUTION 
1 HL D-AMINO OXIDASE ADDED TO 25 ML OF 5 x lo'% 
TRYPTOPHAN SOLUTION, UNSTIRREb SOLUTION 
1 ML D-AMINO OXIDASE ADDED TO 25 ML OF 5 x lo-% 
TRYPTfJP" SOLUTION, STIRRED SOLUTION 
1 FED-AEOCNO OXIDASE ADDED TO 25 ML OF 5 x lo-% 
TRYPTOPHAN SOLUTION, SOLUTION EXPOSED TO ATMlSPEERE, STIRRED SOLUTION 

CURVE 4. 

CURVE 5 .  

FIGURE 37. CHRONOPOTENTIOGRAM OF D-TRYPTOPHAN - D-AMINO ACID OXIDASE 
IN 0.1 M Na4P207 BUFFER SOLUTION, 20 p 
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A similar s e t  of experiments, designed t o  quant i fy  t h e  e f f e c t s  of a i r  
on the  formation of t he  r e a c t i v e  products, i s  shown in  Figure 38.  I n  add i t ion  
t o  the anaerobic  comparisons of tryptophan alone with tryptophan p l u s  DAO i n  
s t i r r e d  and u n s t i r r e d  so lu t ions  (curves 1 through 4 ) ,  t e s t s  were made upon the  
DAO-tryptophan mixture with a measured quant i ty  of a i r  of 0,05 m l  (curve 5) and 
0.10 m l  (curve 6 )  bubbled i n t o  the  system. It may be observed t h a t  0.10 m l  of 
a i r  has a s i g n i f i c a n t  e f f e c t  i n  lowering the  p o t e n t i a l  of the  p la teau  f o r  the  
system. 
f o r  t h e  formation of the  e l ec t roac t ive  mater ia l  i n  t h e  DAO-tryptophan system. It 
is of p a r t i c u l a r  no te ,  however, how l i t t l e  oxygen i s  required t o  produce s i g n i f i -  
can t  amounts of e l e c t r o a c t  ive ma te r i a l  Rough ca l cu la t ions  would ind ica t e  t h a t  
0.1 m l  of a i r  would only introduce about 1 micromole of oxygen, allowing formation 
of 1 micromole o f  IPA from tryptophan oxidat ion,  i f  i t  were e n t i r e l y  used. This ,  
i n  t h e  25 m l  of t e s t  solution,would amount t o  about 4 x M IPA. The cur ren t  
support ing c a p a b i l i t i e s  of such a small amount of IPA may have s i g n i f i c a n t  impli- 
ca t ions  on the  mechanism of a c t i o n  of the enzyme, DAO, s ince  it  i s  d i f f i c u l t  t o  
conceive t h a t , i f  t he  keto s t r u c t u r e  were formed f i r s t ,  any s i g n i f i c a n t  
cu r ren t s  would be found, i n  view of the  ve ry  low amount of the  enol  i n  t h e  equ i l -  
ibrium m i x t u r e , a t  pH 8 . 3 .  This would ind ica te  t h a t  the compound re leased  i n t o  
tho s n l n t i m  by t he  enzyme corresponds t o  the  eno l i c  s t r u c t u r e ,  It the re fo re  
c o n f l i c t s  with some e x i s t i n g  theo r i e s  on t h e  r eac t ion  sequence f o r  amino ac id  
oxida t ion  by DAO, which r equ i r e  formation of t he  keto a c i d  f i r s t .  

Thus, i t  i s  demonstrated once more t h a t  aerobic  condi t ions a r e  required 

4 . 6  STUDIES OF DAO I N  HIGHLY CONCENTRATED SOLUTIONS I N  AN EFFORT TO 
DETECT DIRECT REACTION OF THE ENZYME WITH THE ELECTRODE 

A s  ind ica ted  above, DAO, i n  i t s e l f ,  d id  not a f f e c t  t h e  chronopotentiom- 
e t r y  of tryptophan unless  oxygen was introduced t o  a l low formation of the oxidized 
products .  Since DAO, i n  such experiments, w a s  probably a t  concentrat ions of the  
order  of 10-8 t o  10-7 M a t  most, i t  would not be expected t h a t  the  d i r e c t  r eac t ion  
of the  enzyme could be observed with the techniques used. Accordingly, an  e f f o r t  
w a s  made t o  ob ta in  condi t ions wherein the enzyme would be p re sen t ,  i n  the  reduced 
s t a t e ,  a t  concentrat ions which would allow observat ion of any d i r e c t  r eac t ions .  
Highly p u r i f i e d  enzyme w a s  prepared. Th i s  enzyme was t e s t e d  i n  the  e l ec t rode  
compartment of the  separated compartment c e l l  i n  Figure 3 .  The so lu t ion  used i n  
t h e  e l e c t r o l y t e  space w a s  0.25 M D-tryptophan i n  pH 8 . 3  pyrophosphate buf fer  with 
s u f f i c i e n t  bovine albumin ( c r y s t a l l i n e )  added t o  maintain equal osmolar i ty  due t o  
nondiffusable  p ro te in  on each s i d e  of t h e  membrane. (Further  d e t a i l s  on use of 
t h i s  c e l l  a r e  given i n  Sect ion V.) Suff ic ien t  t i m e  w a s  allowed a f t e r  in t roduct ion  
of t he  s u b s t r a t e  so lu t ion  and t h e  enzyme i n t o  the  c e l l  t o  permit the  s u b s t r a t e  
t o  d i f f u s e  i n t o  the  enzyme compartment and obta in  completely reduced enzyme 
( r educ t ion  could be observed by co lor  change), 
served during t h i s  per iod and then t h e  c i r c u i t  w a s  closed and cur ren t  measurements 
made a t  0.200 v (SCE). Comparisons of cu r ren t s  so obtained with those found p r i o r  
t o  t h e  reduct ion  of t he  enzyme showed t h a t  t h e r e  w a s  no d i f f e rence  due t o  enzyme 
reduct ion  even when t h e  enzyme w a s  present i n  concentrat ions up t o  6 x 10-4 M. 
Thus, no evidence f o r  any type of  d i r ec t  r eac t ion  could be obtained.  

Changes i n  p o t e n t i a l  were ob- 
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4.7 CONCLUSIONS 

The da ta  given above support the conclusion t h a t  t he  electrochemical  
r e a c t i o n  i n  the DAO-tryptophan system i s  the r e s u l t  of aerobic  oxidat ion of 
tryptophan t o  IPA with an electrochemical oxidat ion of t h e  IPA t o  undetermined 
products .  The r eac t ive  form of the  IPA i s  probably the  enol  (supported by a 
v a r i e t y  of d a t a )  and t h e  a t t a c k  may be upon a quinoid form r e s u l t i n g  from charge 
sepa ra t ion  s t r u c t u r e s .  This l a t te r  observation i s  based upon the  f a i l u r e  of such 
ma te r i a l s  as phenylpyruvate t o  undergo oxidat ion.  S i m i l a r  mechanisms probably 
ob ta in  i n  r e l a t e d  systems ( tyros ine  oxidat ion) .  A l l  e f f o r t s  t o  de t ec t  any d i r e c t  
r e a c t i o n  of the  enzyme with the  electrode have given negat ive r e s u l t s , .  al though 
c e r t a i n  ambiguous r e s u l t s  have been obtained with some experiments which would 
,permit an i n t e r p r e t a t i o n  t h a t  t h e  enzyme a f f e c t s  t h e  electrochemical  r eac t ion  
i n  some ins tances .  Thus, enzyme added to  an IPA p lus  tryptophan mixture,  gives 
a s l i g h t l y  higher cur ren t  value than the IPA-tryptophan a lone ,  desp i t e  r i g i d  
e f f o r t s  a t  excluding oxygen which might a l low formation of enough a d d i t i o n a l  IPA 
t o  give t h e  observed resu l t s .  

The r e s u l t s  with DAO a r e  notable i n  t h a t  they i n d i c a t e  t h a t  the  oxida t ive  
e n z j ~ . e s  m y  frequently g ive  r i s e  tc! prndi~r t s  which are e l e c t r o a c t i v e  i n  con t r a s t  
with the  more reduced subs t r a t e s .  Thus, although some p o t e n t i a l  energy may be 
los t  through t h i s  mechanism, aerobic  c e l l s  could be developed based upon such 
s e l e c t i v e  r eac t ions .  Also of note i s  the need f o r  complete d e f i n i t i o n  of the 
system a c t u a l l y  being s tudied ,  a s  was a l so  brought out  i n  the  urease r eac t ion .  

Studies  here  a l s o  ind ica t e  that  many b io log ica l  systems may be unsui t -  
a b l e  f o r  cons idera t ion  i n  b i o c e l l s  where a p o s s i b i l i t y  of high po la r i z ing  poten- 
t i a l s  may occur .  Tryptophan, IPA or DAO were a l l  found t o  cause e lec t rode  
poisoning when e l ec t rode  p o t e n t i a l s  rose t o  0.9 v o r  h igher ,  
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SECTION 5 

EFFECTS OF ATTACHMENT OF ENZYMES AND ORGANISMS 
TO ELECTRODE SURFACES 

The p o t e n t i a l  value of having organisms o r  enzymes a t tached  t o  o r  i n -  
corporated i n  the  e l ec t rodes  may a r i s e  from one or  more of t hese  poss ib le  e f f e c t s :  
(1) s h o r t e r  d i f f u s i o n  paths  between e lec t rode  and the  b io log ica l  r e a c t i v e  s i t e s ;  
( 2 )  poss ib l e  d i r e c t  i n t e r a c t i o n  between t h e  organized s t r u c t u r e  of t h e  c e l l  (or  
enzyme l aye r )  and t h e  e l ec t rode ,  providing a d i r e c t  e l ec t ron  t r a n s f e r  from t h e  
b io log ica l  ma te r i a l  t o  t h e  e l ec t rode ,  e i the r  from wi th in  t h e  c e l l  o r  by d i r e c t  
t r a n s f e r  from an enzyme; (3) p o t e n t i a l  gradient  e f f e c t s  and ion  exchange cen te r s  
due t o  t h e  e l e c t r i c a l  double l aye r s  and sequestered compartments a r i s i n g  from the  
multimembrane systems of the  organisms, The l a t t e r  e f f e c t s  could give r i s e  t o  
d i r e c t  d i f f u s i o n a l  flow of s u b s t r a t e s ,  r eac t ion  intermediates  and products as a 
consequence of p o t e n t i a l  g rad ien t s  ac t ing  upon charged compounds. 

Detrimental  consequences might a l s o  be expected from attachment of 
organisms s ince  t h e r e  i s  the  p o s s i b i l i t y  of masking r e a c t i v e  e l ec t rode  su r face ,  
i n t e r f e r i n g  with d i f fus ion  and providing competing adsorpt ion su r faces .  

Experimental techniques which w i l l  a l low d i r e c t  determinations of s i n g l e  
v a r i a b l e s  a r e  d i f f i c u l t  t o  v i s u a l i z e  s ince any type of  layer ing  on t h e  e l ec t rode  
su r face  i s  l i k e l y  t o  introduce,  t o  some degree,  more than one e f f e c t .  The 
approaches here  were of two types .  In  one method, the  enzymes o r  organisms were 
a t tached  t o  t h e  e lec t rode  sur face  by incorporating them i n t o  a g e l  matr ix  which 
w a s  capable of  permi t t ing  d i f fus ion  of the s u b s t r a t e s  and products but not of 
t he  enzyme o r  organism. Comparisons were then made of e f f i c i e n c i e s  and rates 
of r e a c t i o n  of the  uncoated e lec t rode  with an e l ec t rode  coa ted ; in  one case with 
t h e  enzyme incorporated i n  t h e  coa t ing  a t  t he  same amount o r  concentrat ion as 
i n  the  bulk so lu t ion ;  i n  a second case coated with a layer  of the  matr ix  
ma te r i a l ,  without the  b io log ica l  agent .  This approach has some obvious d i f f i -  
c u l t i e s  i n  t h a t  an enzyme may be or iented i n  the matr ix  i n  such a way a s  t o  
be i n a c t i v e  (due t o  s t e r i c  hindrance) and i t  i s  impossible t o  completely determine 
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t h e  d i f f u s i o n a l  hindrance of t he  ge l  layer i n  the  working s i t u a t i o n  although an 
approach may be made through the  study of r a t e s  of d i f fus ion  of small ,  e l e c t r o -  
a c t i v e  molecules t o  the  e lec t rode  from the bulk so lu t ion .  Obtaining s u f f i c i e n t l y  
t h i n  l a y e r s  of coat ing f o r  study of the  r eac t ion  c lose  t o  the  e lec t rode  i s  a l s o  
d i f f i c u l t  

The second approach was t o  use a compartmented c e l l  which allowed t h e  

The anolyte  bulk so lu t ion  was contained 
enzyme, o r  organism, t o  be re ta ined  i n  a t h i n  layer  i n  c lose  proximity t o  the  
e l ec t rode  by a semipermeable membrane, 
i n  a second compartment and r eac t ion  occurred by d i f fus ion  of t he  enzyme subs t r a t  
t o  t he  enzyme-electrode compartment where t h e  anode r eac t ion  could a l s o  occur.  
Although t h e  enzyme layer  thus  obtained would be r e l a t i v e l y  t h i c k ,  t h e  enzyme- 
e l ec t rode  compartment was f u l l y  s t i r r e d  so t h a t  d i f fus ion  across  the  enzyme l aye r  
w a s  e l iminated a s  a va r i ab le  f a c t o r .  The anode reac t ion  would then be subjec t  
only t o  t h e  l i m i t a t i o n s  of d i f fus ion  across the  e l ec t rode  boundary layer  and the  
concent ra t ion  of t he  e l e c t r o a c t i v e  species  i n  the  electrode compartment. Numerous 
problems s t i l l  a r i s e .  Diffusion r a t e s  through the  separat ing membrane becomes a 
complicating f a c t o r  and back d i f fus ion  of t he  enzyme reac t ion  products (possibly 
the  e l e c t r o a c t i v e  mater ia l )  may a l s o  occur. The p o t e n t i a l  g rad ien ts  a r e  not as 
s i g n i f i c a n t  a f a c t o r  as i n  t h e  g e l  layer approach due t o  the  mixing i n  the  
e l ec t rode  compartment. 

Combinations of these  techniques could be used t o  ob ta in  f u r t h e r  eva l -  
ua t ion  of the  magnitudes of t he  var ious e f f e c t s  i n  the  coated e l ec t rodes .  U s e  of 
n e u t r a l  g e l s  i n  comparison with anionic  and c a t i o n i c  g e l s ,  o r  including var ious  
macromolecular polyanions o r  polycations i n  the  electrode compartment could assist  
i n  determining the  e f f e c t s  of ion exchange s i tes  i n  s p e c i f i c  r eac t ions .  Added 
compartments o r  a compartment with a gel covered e l ec t rode  could a l s o  be used i n  
eva lua t ing  t h e  e f f e c t  of mul t ip le  layers  of membranes, such a s  would a r i s e  i n  the  
case of e l ec t rode  adscsrbed microorganisms. The work here  has been l a rge ly  l imi ted  
t o  i n i t i a l  s t u d i e s  of the  ge l  incorporated enzymes and organisms using agar  a s  t he  
matrix material ,  and t o  the  eva lua t ion  of c e l l  c h a r a c t e r i s t i c s  of t he  compart- 
mented c e l l  f o r  attachment s tud ie s .  

5 . 1  INCORPORATION OF ENZYMES I N  GEL LAYERS ON THE ELECTRODE SURFACE 

Although a number of possible  supporting matr ix  media were t e s t e d  f o r  
a t t ach ing  enzyme t o  the  e l ec t rode  surface,  only agar g e l s  were found t o  be 
reasonably cons i s t en t  f o r  our s tud ie s .  Acryl ic  r e s i n s  were too highly r e s i s t a n t ,  
polyvinylchlor ide prepara t ions  t e s t e d  were uns tab le  i n  the  c e l l  un less  s u f f i c i e n t  
s e t t i n g  time was allowed (severa l  hours);  g e l a t i n  was impure and gave r i s e  t o  
spurious cu r ren t s ,  i n  add i t ion  t o  being r e l a t i v e l y  uns tab le  and slow i n  s e t t i n g ;  
o the r  m a t e r i a l s  required the  use of solvents  which would inac t iva t e  the  enzymes 
( t r u e  a l s o  of a c r y l i c  r e s i n s ) .  Therefore, with t h e  l imi ted  time ava i l ab le ,  a l l  
t h e  g e l  s t u d i e s  were done with agar a s  t he  supporting medium. 

Two types of e l ec t rodes  were used i n  the  s t u d i e s .  Most were done with 
t h e  normal, f l a t  platinum e lec t rode ,  having a t o t a l  a rea  (both s ides )  of 4.0  cm. 
Also used was a c o i l  of platinum wire which had the  advantage of s t a b i l i z i n g  t h e  
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g e l  layer  b e t t e r  so t h a t  t he  enzyme-gel was not l o s t  as frequent ly  during the  course 
of t he  experiment. The c o i l  has  a disadvantage i n  having an indeterminate sur face  
a r e a  ( s t u d i e s  with ferrocyanide and other reducing agents  indicated tha t  i t s  
e f f e c t i v e  r eac t ion  a rea  was almost i den t i ca l  t o  t h a t  of the  f l a t  e l ec t rode )  e spec ia l ly  
w i t h  an agar  g e l  layer  a t tached .  The gel thickness  would a l s o  be va r i ab le  on t h i s  
e l ec t rode .  Cer ta in  c h a r a c t e r i s t i c s  during use were a l s o  d i f f e r e n t ,  as,  f o r  example, 
t h e  cur ren t  surge which would develop f o r  a very shor t  t i m e  a f t e r  f i r s t  c los ing  t h e  
c i r c u i t .  

Some of the  f i r s t  experiments with agar  coated e l ec t rodes  are given i n  
For these experiments a mixture of agar ,  buf fer  and enzyme was prepared Table 4 .  

(held a t  4 7 O C ,  enzyme added j u s t  before placing on the  electrode) and the  e l ec t rode  
dipped i n t o  viscous so lu t ion .  
ing the  e l ec t rode .  Af te r  a shor t  incubation i n  buf fer  so lu t ion  t o  remove any 
d i f f u s a b l e  enzyme, t he  e l ec t rode  was t e s t ed  i n  t h e  electrochemical  c e l l .  It i s  
apparent ,  from these  measurements, t h a t  such a sur face  l aye r  i s  capable of produc- 
ing  small cu r ren t s  but not a t  the  same dens i ty  as the  f r e e  so lu t ion .  The measure- 
ments i n  pa r t  B y  with the  enzyme i n  f ree  so lu t ion  but with an agar  layer  over t he  
e l ec t rode  show t h a t  t he  agar does permit d i f fus ion  of the  IPA, t he  e l e c t r o a c t i v e  
ma te r i a l ,  t o  t he  e l ec t rode .  But pa r t  C ,  where the  agar  s t r ipped  e l ec t rode  i s  
t e s t e d  i n  the same so lu t ion  as in E, dezionatrates that  t h e  agar hzd exerted SCEO, 

r e s t r i c t i v e  inf luence on the  d i f fus ion  i n  B. It must be considered, i n  eva lua t ing  
these  experiments,  t h a t  t he  enzyme concentrat ion i n  the  agar  i s  seven times as g rea t  as 
it  i s  i n  the  bulk so lu t ion  but a l s o  that  t h e  amount of enzyme used i n  t h e  agar i s  
only one-hundredth tha t  used i n  the bulk so lu t ion .  

The amount of f i l m  deposited was determined by weigh- 

Since d i f fus ion  through t h e  agar appeared t o  be a r e s t r i c t i v e  f a c t o r ,  
experiments on the  r a t e  of d i f fus ion  and e f f e c t  of t he  agar  on the  s imple  oxida- 
t i o n  of IPA were performed. As shown in Figure 39, d i f fus ion  through a t h i n  l aye r  
(25 mg) of  agar  i s  a severely l imi t ing  f a c t o r .  The i n i t i a l  ox ida t ion  r a t e  i s  high 
but drops r ap id ly  i n  each case t o  a much lower value ind ica t ing  t h a t  IPA concen- 
t r a t i o n  i n  t h e  v i c i n i t y  of t h e  e lec t rode  i s  decreasing rap id ly  on closed c i r c u i t  
opera t ion  due t o  the  d i f f u s i o n  b a r r i e r  and r e -e s t ab l i sh ing  the  concentrat ion a t  
t he  e l ec t rode  during the  open c i r c u i t  breaks. 

Further  coat ing s tud ie s  were performed with a d i f f e r e n t  type of  enzyme 
coa t ing  procedure.  Sol id  enzyme, commercial DAO, was weighed and d i s t r i b u t e d  
over t he  sur face  of the  e1ectrode;then the  agar -buf fer ,  a t  47O,was poured over 
t he  s o l i d  ma te r i a l  t o  hold it  i n  place.  This approach was used t o  enable working 
with the  cruder enzyme. Comparisons were again made between electrochemical  
r eac t ion  w i t h  t h i s  enzyme agar  mixture and t h e  r eac t ion  obtained wi th  enzyme i n  
the  bulk so lu t ion .  Tests were made using a c a r r i e r ,  i n  t hese  cases ,  r a t h e r  than 
being l imi t ed  t o  t h e  formation of the  e l ec t roac t ive  IPA. Thus, f e r r i cyan ide  was 
incorporated i n t o  the  bulk medium to  permit an e f f i c i e n t  anaerobic r eac t ion  t o  
develop and e l imina te  the  complicating f a c t o r  of oxygen d i f f u s i o n  i n t o  the  aga r .  
Once i n  t h e  aga r ,  the  f e r r i cyan ide  should ac t  a s  a cyc l ic -oxid iz ing  agent (not 
poss ib l e  w i t h  oxygen) so  t h a t  only a short  d i f fus ion  path would be required i n  
t h e  a t tached  enzyme system. 
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TABLE 4 

ENZYME INCORPORATION IN AGAR COATINGS ON ELECTRODES 

Conditions: 

A. 

B: 1 

A. 

B. 

C. 

* v  

Enzyme in agar. 0 .5  ml DAO, 0.02 ml catalase, 0 . 5  ml P-P buffer in 
1 ml 2% agar, 17 mg. of mixture (equivalent of 0,005 ml DAO) coated 
on coil electrode ( 3 . 5 4  cm total surface) tryptophan, 0,005M, in 
P-P, pH 8.3 buffer. 

Enzyme in free solution, agar coated electrode, Electrode coated 
with 17 mg agar mixture as above with buffer replacing enzyme. 
0 . 5  ml DAO, 0.1 ml catalase in tryptophan-buffer solution used 
a'uove * 

Condition 

Enzyme in Agar 

Enzyme in Solution 
Electrode Agar 
Coated 

Enzyme in Solution 

90 Unstable Unstable 0 .05  N2 

0.1 85 240-290 2.5 Air 

110 200 2.7 0.1 

Air - 200 6 --t 20 1.4 

- 200 55 1.5 

N2 

N2 

. - open circuit potential 
Vc - closed circuit potential 
I - load current 

0 

C 

** Apparent indole-3-pyruvic acid concentration determined spectrophotometrically 
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FIGURE 39. 

AGAR COATING 25 MG ON 3.54 CM 2 COIL ELECTRODE 

I I I - -  
3u 100 

TIME (MINUTES) 

150 

R 0 2 6 6 3  

EFFECT OF INTERMIITFXT RECOVERY PERIODS ON CURRENT FROM 
I P A  WITH AGAR COATED ELECTRODE 
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Resul ts  of some of these  experiments a r e  given i n  Table 5 .  The values  
given f o r  current  development a r e  those obtained a f t e r  10 minutes of development 
which was adequate t o  obta in  a reasonably constant cur ren t  (normally s t i l l  r i s i n g  
s l i g h t l y )  for  most experiments. The current per un i t  weight of enzyme i s  based 
upon the  weight of enzyme present  i n  the space corresponding t o  the  agar l aye r .  
This  l aye r  w a s  genera l ly  about 200 t o  250 mg f o r  t he  e n t i r e  e l ec t rode  and so the  
effectiveenzyme i n  t h e  bulk so lu t ion  has been assumed t o  be tha t  enzyme present 
i n  t h e  0.25 m l  of so lu t ion  adjacent  t o  the  e l ec t rode  (1/100 of t he  t o t a l  enzyme 
present  i n  t h e  e n t i r e  so lu t ion ) .  It may be seen t h a t  t he  t o t a l  cur ren t  developed 
wi th in  t h e  experimental  period i s  generally f a i r l y  high f o r  t h e  t o t a l  amount of 
enzyme used i n  the  agar l aye r  i n  comparison wi th  t h e  cu r ren t s  found f o r  t he  enzyme 
i n  t h e  bulk so lu t ion .  However, on the  basis of t he  enzyme i n  the  immediate’vicini ty  
of the  e l ec t rode ,  which i s  the  a c t u a l  e f f e c t i v e  enzyme f o r  t he  purposes here ,  t he  
agar  incorporated enzyme s u f f e r s  i n  comparison. The incorporat ion of t he  enzyme 
does seem t o  have one highly s ign i f i can t  advantage. It i s  apparent ,  from the  
experiments i n  which the  enzyme reac t ion  occurred i n  the  bulk so lu t ion  with an agar 
l aye r  on the  e l ec t rode ,  t h a t  the  agar formed a b a r r i e r  t o  the  reduced products of 
the  enzyme-carrier r eac t ion .  Yet, when the  r eac t ion  occurs i n  the  agar ,  i t s e l f ,  
t h e r e  i s  a reasonably e f f e c t i v e  t r ans fe r  It i s  q u i t e  poss ib le  t h a t  t h e  e f f i c i ency  
o f  t he  agar  incorporated enzyme might be much higher were the  enzyme i n  a much 
i;.n inne r 
t h a t ,  under present  condi t ions  of test ,  t he  f r e e  so lu t ion  enzyme has a g rea t e r  
e f f i c i e n c y  than  the  coated enzyme but a quest ion s t i l l  remains a s  t o  whether t h i s  
order  would e x i s t  under more opt imal condi t ions of coa t ing  . 

1 ~~ er -. 5 & L 
- ̂ - - - - - - - e ~ W L L U  ~uuuuciii3u~aLc.1y ?~ver d i f f u s i ~ ~  r e s i s t ~ ~ c e .  T ~ U E  , it ~ p ~ e z r s  

5.2 ATTACHMENT OF MICRO-ORGANISMS ONTO THE ELECTRODE 

The techniques used i n  study of t h e  e f f e c t  of a t t ach ing  micro-organisms 
on t h e  e l ec t rode  were s imi la r  t o  the  procedures used i n  t h e  experiments c i t e d  i n  
t h e  l a s t  paragraphs. E .  c o l i  was grown i n  l a rge  batch q u a n t i t i e s  and harvested by 
cen t r i fug ing .  A heavy suspension o f  the c e l l s  were appl ied t o  one s ide  of t h e  
e l ec t rode  and weighed. Agar was then added on top of the  c e l l s  t o  a c t  as a support .  
Tes t s  w e r e  then made on a s i m i l a r  basis ,  comparing the  agar incorporated c e l l s  with 
a s imi l a r  quant i ty  of c e l l s  i n  t h e  bulk medium with and without agar on the  e l ec t rode .  
One form of da t a  presenta t ion  on these  experiments may be found i n  Table 6 .  Once 
more, it may be seen t h a t  t he  cur ren t  values a t  a given time with t h e  a t tached  bio- 
e l ec t rode  a r e  higher  than those fo r  the corresponding t i m e  with a s i m i l a r  amount 
of c e l l s  i n  the  bulk medium. However, when the  ca l cu la t ions  are made on the  b a s i s  
of t h e  c e l l s  i n  the  immediate v i c i n i t y  of t h e  e l ec t rode  (assumed volume of 0 .25ml)  
t he  f r e e  bac te r i a  are much more e f f i c i e n t  than the  immobilized c e l l s .  It i s  apparent 
t h a t  t he  th ickness  of t he  agar coat ing a f f e c t s  cur ren t  adversely.  I n  Figure 40, t h e  
same experiments a r e  presented t o  show how t h e  agar incorporated bac te r i a  cause a 
more rap id  i n i t i a l  development of current  but the  f r e e  c e l l s  soon overtake t h e  
immobilized c e l l s  i n  forming the  e l ec t roac t ive  m a t e r i a l .  Again, a s  with the  enzymes, 
agar  coat ing the  e l ec t rode  caused extreme i n h i b i t i o n  of the  bulk so lu t ion  e l ec t rode  
r e a c t  ion 

Thus, a t tached organisms, under the  condi t ions observed here  a r e  of 
l e s s e r  e f f i c i e n c y  than the  
p o s s i b i l i t y  of a much more 
be excluded. 

f r e e  organism. However, as i n  the  case of enzymes, t h e  
e f f i c i e n t  reac t ion  i n  b e t t e r  def ined l aye r s  cannot ye t  
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TABLE 5 

COMPARATIVE EFFICIENCY OF BIOELECTRODES USING D-AMINO 
ACID OXIDASE I N  BULK SOLUTION OR ATTACHED TO ELECTRODE 

A l l  experiments used 25 m l  of pH 8 .3 ,  0 .1  M pyrophosphate buf fer  
containing 200 mg. 
measurements were a l l  made a t  0.30 v polar iz ing  p o t e n t i a l  condi t ions.  

D-alanine and 0.001 M potassium fer r icyanide  with anaerobic 

A - Attached enzyme. The indicated quan t i ty  of commercial 
DAO w a s  weighed and f ixed t o  the  e l ec t rode  face with 
agar .  

B - Enzyme i n  bulk medium. The ind ica ted  quant i ty  of enzyme 
w a s  added t o  the  buffer-alanine so lu t ion .  No coat ing 
w a s  used on the  e lec t rode .  

C - Enzyme i n  bulk and e lec t rode  coated. Enzyme was added 
a s  above and t h e  e lec t rode  w a s  coated with agar t o  the  

8 s  .,.--A C-.- el., _-...limn -.. ....,.-e 
U D G U  L U L  L L L G  G I L & J L L L =  a U p p u L L  ir: A .  ---e A,,”,, 

a u c  UC:tjLGG 

A - Attached 
Enzyme 

Current per* 
To ta l  Enzyme (mg) Tota l  Current (pa) mg enzyme a t  e l ec t rode  

6 .7  5.25 0.78 
10 8.5 0.85 
15 9.2 0.61 
25 9 - 6  0.38 

B - Bulk Enzyme 25 
open e l ec t rode  50 

100 
2 00 

C - Bulk Enzyme 50 
coated e l ec t rode  

0 
4.8 

13.9 
19 

0 

- 
9.6  

13.9 
9 .5  

0 

* Current based upon the  amount of enzyme i n  the  volume equivalent  t o  the  volume 
of the  agar  l aye r .  
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TABLE 6 

COMPARATIVE EFFICIENCIES OF E .  COLI I N  BULK MEDIUM AND 
IMMOBILIZED AT THE ELECTRODES 

E .  c o l i  pas te  f r e sh ly  harvested.  A l l  determination made using C medium 
(6) as f u e l  and e l e c t r o l y t e ,  25 m l .  Ferricyanide,  M, added as a mediator.  
Polar iz ing  p o t e n t i a l  a t  0.30 v during current  measurements. Anaerobic condi t ion 
throughout.  

A -  

B -  

* 
** 

A -  

B -  

Immobilized organism. 
spread on e lec t rode  and then held i n  p lace  by add i t ion  
of indicated amount of agar,  appl ied a t  45 t o  5OoC. 

Indicated quant i ty  of  c e l l  pas te  

Immo b i 1 i z ed 
organisms 

Bulk medium organism. Indicated amount of E .  c o l i  added 
t o  e l e c t r o l y t e  so lu t ion .  Electrodes not coated.  

Organ i s m  
Solu t ion  

I .  Agar (mp;) 

68 
98 

100 
109 
128 
157 
293 

E. C o i i  Cmgj 

22 
18 
27 
26 
26.5 
35 
29 

19  
24 
24 
26 
26.5 
28 

510 
49 0 
410 
435 
385 
3 00 
2 10 

250 
250 
335 
250 
290 
260 

Current per  * 
mg E .  Coli 

23 
30 
15 
16.7 
14.5 
8.6 
7 . 2  

1300 
1040 
1400 
9 60 

1100 
930 

Current obtained a f t e r  10 minutes of operat ion of c e l l  a f t e r  c los ing  c i r c u i t .  

Current per un i t  of  "effect ive" organism based on E .  c o l i  i n  volume 
equivalent  t o  the  volume of the  agar l aye r .  
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Incorporat ion of platinum f i l i n g s  i n t o  the  aga r , i n  an attempt t o  ob ta in  
an e l ec t rode  extending i n t o  and around the bio-system, d id  not improve a c t i o n  e i t h e r  
wi th  t h e  organisms o r  enzymes. 

5.3 TESTS OF THE MULTI-COMPARTMENT CELL FOR STUDIES I N  ENZYME AND 
ORGANISM ATTACHMENT 

The apparatus  i n  Figure 3 wasdesigned t o  enable the  study of enzymes 
and organisms i n  f r e e  so lu t ion  o r  suspension under circumstances analogous t o  those 
obta in ing  with the  b io log ica l  agent a t tached t o  t h e  e l ec t rode .  I n  p r inc ip l e ,  it 
simply r e t a i n s  the  enzyme or organism a t  t h e  e l ec t rode  sur face  (through the  agency 
of a semipermeable membrane) while allowing access  of the  s u b s t r a t e  (or  e l e c t r o -  
a c t i v e  ma te r i a l )  from the  main anoly te  chamber by d i f fus ion  through the  membrane. 
I n  t h e  l a t te r  e f f e c t ,  it i s  analogous to t h e  agar system which r e q u i r e s  d i f f u s i o n  
ac ross  an u n s t i r r e d  l aye r .  However, i n  t h e  c e l l  t he re  w i l l  be l i t t l e  o r  no p o t e n t i a l  
o r  d i f f u s i o n  gradient  across  the  reac t ion  space s ince  it i s  under constant  vigorous 
s t irr ing 

It was e s s e n t i a l ,  before attempting experiments with the  enzyme systems, 

t h e  r e a c t i o n  a rea  and t h e  e f f e c t s  of continued e l e c t r o l y s i s  during such d i f f u s i o n .  
To test  the  d i f fus ion ,  t he  r a t e s  of development of cur ren t  were t e s t e d  with 
ferrocyanide and hydroxylamine a f t e r  adding these  compounds i n  known concentrat ion 
t o  t h e  anoly te  chamber. 

L .  L L - 2 -  1 _-__- 
L U  U U L a L l l  bUIllC: NllUW:~dge about d i f f u s i o c  c h a r a c t e r i s t  icS ZcrOSS t h e  xezbrane i?.tc 

Resul ts  of some t e s t s  with hydroxylamine a r e  given i n  Figure 41. Two 
types  of measurement were used, the  f i r s t  with a continuous cur ren t  a t  0.20 v 
(Curve 1) so t h a t  hydroxylamine was being used cons tan t ly  a s  i t  entered the  c e l l .  
This had the  e f f e c t  of maintaining a higher concentrat ion d i f f e rence  on the  two 
s i d e s  of the  membrane over a longer period of time. With t h i s  type of measure- 
ment i t  should be possible  t o  obtain a d i r e c t  measurement of d i f f u s i o n  r a t e  by 
balancing t h e  e lec t rode  p o t e n t i a l  t o  the point  where hydroxylamine was oxidized 
a t  t he  same r a t e  a s  it entered the  e lec t rode  compartment, thus maintaining a 
cons tan t  cur ren t  value (not done i n  these experiments).  Curve 3 gives the  r e s u l t s  
of t h e  second procedure, e s s e n t i a l l y  a free d i f fus ion  t o  equi l ibr ium. The c i r c u i t  
w a s  maintained open except fo r  very short  per iods (2 t o  3 seconds) each minute f o r  
measuring t h e  change i n  concentrat ion by determining the  cur ren t  a t  0.20 v (SCE). 
Curves 2 and 4 show t h e  e lec t rode  compartment concentrat ion of hydroxylamine based 
upon previously determined c a l i b r a t i o n  curves f o r  cur ren t  versus  hydroxylamine 
concent ra t ion  ~ 

Ferrocyanide resul ts  were similar. The curves so obtained provide a 
d e f i n i t i o n  of  some of the  d i f fus ion  c h a r a c t e r i s t i c s  of the  compartmented c e l l .  
However, f o r  each system s tudied ,  d i f fus ion  c h a r a c t e r i s t i c s  should be determined 
upon the  s u b s t r a t e s  and products involved i n  the b ioe lec t rode .  
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5.4 ENZYME TESTS I N  THE COMPARTMENTED CELL 

Short discussions of t e s t s  of t h e  DAO-alanine system i n  the  compartmented 
c e l l  have been given i n  Sect ion 4 . 6 .  The primary ob jec t ive  of t hese  tests w a s  t he  
de t ec t ion  of any poss ib le  d i r e c t  reac t ion  of t he  reduced enzyme with the  e l ec t rode  
so t h a t  they were not conducted i n  such a manner as t o  provide information upon 
t h e  e f f e c t  of compartmentation on d i f fus iona l  and k i n e t i c  aspec ts  of t h e  DAO bio- 
e l e c t r o d e .  Attent  ion t o  t e s t s  with micro-organisms i n  connection with s a t i s f y i n g  
s p e c i f i c  con t r ac tua l  po in t s  has  l imited time ava i l ab le  t o  pursue t h i s  i n t e r e s t i n g  
area. 

5.5 CONCLUSIONS ON ENZYME AND ORGANISM ATTACHMENT 

The present  means of a t taching enzymes and organisms t o  e l ec t rodes  are 
f a r  from s a t i s f a c t o r y .  Much work remains t o  be done i n  obta in ing  mechanisms f o r  
adequate research  treatment t o  determine parameters which a f f e c t  performance. 
With t h e  r e l a t i v e l y  crude procedures used he re ,  some of t he  at tached enzyme o r  
b a c t e r i a l  systems appear t o  have a grea te r  e f f i c i ency  than the  corresponding 
f r e e  s o l u t i o n  systems, on t h e  bas i s  of developing cu r ren t s  and p o t e n t i a l  more 
rapidly  thii the free soiutio~is .  However, C h i s  i s  somewhat i l l u s o r y  s ince  a 
t reatment  based upon t h e  comparisons of amount of enzyme i n  the  v i c i n i t y  of the  
e l ec t rode , a s  would be necessary i n  a p r a c t i c a l  c e l l ,  demonstrates t h e  f r e e  
so lu t ion  (or suspension) systems t o  be much more e f f i c i e n t  by t h e  order  of 2 
magnitudes . 

As ind ica ted ,  though, the  present condi t ions a r e  c e r t a i n l y  not optimal 
f o r  t h e  a t tached  b ioe lec t rodes .  It i s  q u i t e  poss ib le  t h a t  a b ioe lec t rode  with 
a s u i t a b l y  t h i n  layer  of a c t i v e  mater ia l ,  so as t o  avoid excessive d i f f u s i o n  
b a r r i e r s ,  and with proper organizat ion,  t o  e l imina te  s t e r i c  problems, might s t i l l  
be highly e f f i c i e n t  i n  comparison with the  f r e e  so lu t ion  system. 
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SECTION 6 

USE OF MODEL MOLECULAR SYSTEMS I N  THE STUDY O F  THE REACTION 
OF BIOLOGICAL MACROMOLECULES AT ELECTRODES 

%,e p- i irpoa~ ~f t he  m l c r ~  m q . 1  .rrurcArvllryUL t i  r - r \mn~+tmon+ _...____ c e l l  descr ibed previously is  
t o  provide optimum condi t ions under which t o  examine the  p o s s i b i l i t y  o f  ex is tence  
o f  a d i r e c t  r e a c t i o n  between the e lec t rode  and reduced enzyme. As i nd ica t ed ,  
t h e r e  are s t i l l  many problems associated with the  use of  t he  c e l l ,  o r  o ther  sys- 
t e m s ,  e i t h e r  f o r  de t ec t ing  the  d i r e c t  r eac t ion  o r  f o r  determining the  q u a n t i t a t i v e  
e f f e c t  o f  o the r  r e l a t i o n s ,  such as the p o t e n t i a l  g rad ien t s  and i n t e r a c t i o n s  be- 
tween va r ious  b io log ica l  macromolecules and the  e l ec t rode  system. One of  t he  major 
problems t o  be faced i s  the  lack  of apparent r e a c t i v i t y  o f  t he  normal b io log ica l  
c a t a l y s t s  and carrier systems with the e l ec t rode  normally used i n  the e l e c t r o -  
chemical measurements. Other problems are a s soc ia t ed  wi th  the  d i f f i c u l t y  i n  
obta in ing  h ighly  p u r i f i e d ,  w e l l  defined b io log ica l  systems fo r  adequate q u a n t i t a t i v e  
t r ea tmen t . 

Such d i f f i c u l t i e s  are exemplified by the  extremely d isconcer t ing  behavior 
of  the u rease  system i n  the  electrochemical c e l l .  

It seemed of  some importance t o  a t tempt  t o  ob ta in  systems wherein the  
var ious  parameters could be wel l  defined s o  t h a t  i t  would be poss ib l e  t o  determine 
whether b i o l o g i c a l  r e a c t i o n s  were being l imi ted  by the  r e a c t i v i t y  of  s p e c i f i c  
groups,  s t e r i c  hindrance o r  by the d i f fus iona l  c h a r a c t e r i s t i c s  of  the  macromolecules. 
Thus, some e f f o r t s  have been d i r ec t ed  toward the  syn thes i s  of  model redox molecules,  
having p r o s t h e t i c  groups wi th  w e l l  defined oxida t ion  p o t e n t i a l s ,  of  such a na tu re  
t h a t  they could be used t o  determine the e f f e c t  o f  s i z e  and shape o f  a mat r ix ,  cor-  
responding t o  the  p r o t e i n  of  the  enzyme, upon the  redox p rope r t i e s  and the  a b i l i t y  
of  t h e  p r o s t h e t i c  group t o  react with an e l ec t rode .  The major e f f o r t  has been 
devoted t o  a t t e m p t s  a t  a t t ach ing  a dye, of  known redox p r o p e r t i e s ,  t o  a series of  
graded amino a c i d ,  pept ide  or  p ro te in  matrices. Tests have a l s o  been conducted 
upon attachment of  o ther  molecules capable of being oxidized o r  reduced. 
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6 . 1  ATTACHING REDOX DYES TO AMINO ACIDS AND PEPTIDES BY DIAZO COUPLING 

Diazo coupling for  a t t ach ing  complex aromatic groups t o  p ro te ins  i s  a 
method o f  long s tanding .  
thousands of  p r o t e i n  d e r i v a t i v e s  by t h i s  procedure fo r  immunological i nves t iga t ions .  
Accordingly, i t  seemed t o  be the most adaptab le  t o  the  requirements fo r  t he  forma- 
t i o n  of  a model redox enzyme system through a t t a c h i n g  a redox dye of  known 
c h a r a c t e r i s t i c s .  The gene ra l  reac t ions  f o r  coupling of  a dye with a p r o t e i n  are: 

Landsteiner (18) and o t h e r s  have made l i t e r a l l y  

+ -  > Q)-N=N C1 (1) Q ) - N H ~  + mo2 HC 1 

+ OH- (2) $-N=N + protein.- p ro t e in  - N=N-8 

8 i s  an  aromatic group which may be simple o r  complex and the  attachment 
t o  t h e  p r o t e i n  may occur e i t h e r  on the phenol group of t y r o s i n e ,  i n  the  p o s i t i o n  
o r tho  t o  the  hydroxyl, o r  on the  imidazole group of  h i s t i d i n e .  The l a t t e r  r e a c t i o n  
i s  more r e a d i l y  accomplished and may occur s e l e c t i v e l y  under some circumstances. 
Therefore ,  t h e  major requirement appeared t o  be t o  ob ta in  a redox dye, o f  a d e s i r a b l e  
ox ida t ion  p o t e n t i a i  range ,  concaining an amino group w n i c n  wouid permit tne d iazoc i -  
z a t i o n  r e a c t i o n  and subsequent coupling r e a c t i o n  t o  occur.  

Toluylene b lue ,  a n  azo dye having an  oxida t ion  p o t e n t i a l  o f  the proper 
va lue  and wi th  the  two amino groups (Figure 42 ,  compound I) w a s  t r i e d  f i r s t .  Un- 
f o r t u n a t e l y ,  the  two amino groups allowed intra-molecular r e a c t i o n s  t o  proceed more 
r a p i d l y  than t h e  intermolecular r eac t ions  so t h a t  i t  w a s  impossible t o  o b t a i n  any 
coupling wi th  t h i s  compound. 

Neut ra l  r e d  (or toluylene red,  Figure 41, 11) w a s  a l s o  t e s t e d ,  as w a s  
phenosafranine (Figure 41, 111). Reaction condi t ions  were e s s e n t i a l l y  standard 
condi t ions  f o r  d i a z o t i z a t i o n  (19) involving the  d i a z o t i z a t i o n  of t he  dye i n  
s o l u t i o n  wi th  3 t o  4 equiva len ts  of acid and the  a d d i t i o n  of one equiva len t  (or 
s l i g h t l y  more) of sodium n i t r i t e  while cool ing  i n  ice .  
then added t o  the  coupling material ,  ty ros ine ,  h i s t i d i n e  o r  o the r  phenolic 
material, wi th  the  coupling agent i n  excess i n  b a s i c  s o l u t i o n  (pH 8 t o  9 ,  buffered 
wi th  carbonate o r  s t rong  b u f f e r s ) .  Reaction products were separa ted  by adsorp t ion  
and e l u t i o n  from a DEAE c e l l u l o s e  column, e l u t i n g  f i r s t  wi th  pH 7.6 phosphate 
bu f fe r  and f i n a l l y  wi th  d i l u t e  s u l f u r i c  a c i d .  

This r e a c t i o n  mixture w a s  

Reaction products w e r e  obtained from coupling between the  phenosafranine 
and t y r o s i n e ,  o r  h i s t i d i n e ,  as w e l l  as a number of o the r  compounds, and f o r  n e u t r a l  
r e d  wi th  s e v e r a l  phenol d e r i v a t i v e s  (but  no t  t y r o s i n e ) .  The phenosafranine- 
t y r o s i n e  product w a s  t e s t e d  fo r  reduction with mild reducing agents  and f o r  r e a c t i o n  
wi th  enzyme systems as a carr ier .  The product w a s  r e a d i l y  reduced by agen t s  such as 
d i t h i o n i t e  (hydrosul f i te )  b u t ,  upon re -oxida t ion  by a i r ,  i t  w a s  obvious from the  
co lor  of the  reoxid ized  s o l u t i o n ,  t h a t  t h e  reduct ion  had s p l i t  t he  d iazo  bond in-  
volved i n  t h e  coupling and regenerated t h e  phenosafranine.  Neut ra l  r e d  coupling 
products behaved s i m i l a r l y .  Reduction o f  t h e  coupled molecules p r e f e r e n t i a l l y  re- 
duced t h e  d iazo  group, causing s p l i t t i n g .  The use  of  phenosafranine and n e u t r a l  
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TOLUYLENE BLUE 
E = 0.601 
E,(pH7) = 0 . 1 1 5  0 

I1 

NEUTRAL RED 

EA(pH7) = -0 .325  

I I1 

PHENOSAFRANINE 

E:(pH7)= -0 .220  

0 - N t N - 0  

DIAZO GROUP 

Eo = 0.300 

R 0 6 8 0 9  

FIGURE 42. REDOX DYES USED I N  DIAZO COUPLING EXPERIMENTS 
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red had been avoided, initially, due t o  the low oxidation potentials exhibited by 
these compounds in comparison with the oxidation potential of the diazo bond 
(see Figure 42 for oxidation potentials) which made it appear likely that diazo 
group reduction would occur preferentially. 
oxidation potential, might have been reduced without affecting the diazo coupling 
bond, if such a coupling had been possible. 

The toluylene blue, with a positive 

Since the compounds tested comprise the readily available dyes with 
amino groups which might be diazotized, it becomes obvious that the initial attack 
will not serve to provide the desired reversibly oxidizable enzyme models. How- 
ever, the use of the diazo bond, itself, should be tested as a reversible redox 
group. The presence of stabilizing, resonating groups adjacent to the diazo group 
can stabilize the reduced form of the group so that splitting does not occur under 
mild reducing conditions. Thus, with the choice of the proper aromatic grouping, 
it may be possible to attach a group t o  the protein or amino acid and then carry 
out reversible oxidations and reductions of the diazo bond used in coupling. 

6 . 2  INVESTIGATION OF HYDROXAMIC ACIDS AS POSSIBLE REDOX GROUPS 

Hydroxylamine and some of its derivatives, such as phenylhydroxylamine, 
are readily oxidized electrochemically. Therefore, it seemed worthwhile to in- 
vestigate the possibility of making hydroxamic acid derivatives of amino acids, 
peptides,and proteins to serve as model redox systems. To provide,a simple model 
for electrochemical tests, phthalic monohydroxamic acid was synthesized. 

Synthesis was accomplished by mixing equimolar amounts of ethanolic solu- 
tions of phthalic anhydride and hydroxylamine hydrochloride and adding concentrated 
ammonium hydroxide to give a slight surplus. The hydroxamic acid began precipi- 
tating and was collected and recrystallized from ethanol-water mixtures. The ferric 
chloride reaction was used to confirm the hydroxamic acid structure. Tests of the 
recrystallized material electrochemically showed very little electrochemical 
activity at 0.3 v polarizing potential (Table 7 ) .  Therefore it was concluded that 
hydroxamic acids would not be suitable derivatives to use in the electrochemical 
investigation of redox protein models. 

6 . 3  OTHER PROCEDURES 

It is possible to attach hydroquinone or quinone carboxylic acid 
derivatives to proteins by formation of the amide with the lysine groups of pro- 
tein (20). Time did not permit the testing of this method. 
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TABLE 7 

ELECTROCHEMICAL OXIDATION OF PHTHALIC HYDROXAMATE 

A .  

B. 

A .  

B .  

P t h a l i c  hydroxamate, 2 x r e c r y s t a l l i z e d ,  
0.003 M y  i n  pH 8.0 pyrophosphate bu f fe r  

Ph tha l i c  hydroxamate, once r e c r y s t a l l i z e d ,  
0.003 M y  i n  pH 8 bu f fe r  

Time ( m i n . )  i @ a  a t  0 .3  v) 

0 38 

2 33 

7 26 

13 22 

23 18 

1 56 

2 49  

8 32 

13 28 
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SECTION 7 

THEORETICAL CONSIDERATIONS OF THE POSSIBLE DIRECT 
REACTION OF AN ENZYME WITH AN ELECTRODE 

One cf the  ~ i j o r  n n i n + c  rw"" -  nf i n t e r e s t  underlying the  present  inves t iga-  
t i o n s  has been the  ques t ion  of whether a s i g n i f i c a n t  improvement i n  the  bio- 
e l ec t rode  a c t i v i t y  might occur a s  a r e s u l t  of a d i r e c t  r e a c t i o n  of the  ca ta lyz ing  
enzyme with t h e  e lec t rode  i t s e l f ,  thus e l iminat ing a fu r the r  chemical r eac t ion  
s t e p  fol lowing t h e  enzyme-substrate r eac t ion  The apparent ly  improved a c t i v i t y  
found i n  b ioe lec t rodes  where the  organism w a s  i n  in t imate  contac t  with the  e l ec -  
t rode  was presumed t o  der ive  p a r t l y  from such a r eac t ion  mechanism. 

However, a crude ca l cu la t ion  of t he  probable value of an a t tached  
enzyme system, assuming a pe r fec t ly  adsorbed monolayer of enzyme and with per fec t  
t r a n s f e r  of e l ec t rons  a t  a r a t e  s imi la r  t o  the  normal turnover r a t e  of the  
enzyme i n  f r e e  so lu t ion ,  suggested t h a t  the  cur ren t  o r  power from such a mechanism 
might be vanishingly small ( 2 1 ) :  maximal cur ren t  values  of  the  order  of microamperes 
p e r  cm2 of e l ec t rode  sur face  were indicated.  

A more comprehensive examination of t h i s  problem was therefore  deemed 
t o  be des i r ab le  However so many reac t ions ;  simultaneous, consecut ive,  and 
competing a r e  involved i n  the  operat ion of the  bio-fuel  c e l l  t h a t  an exact ana l -  
y s i s  of t he  mechanism i s  out of t he  quest ion.  For tuna te ly ,  t he  c a p a b i l i t y  of 
the  c e l l  a s  a power source can be evaluated q u i t e  adequately without knowing the  
d e t a i l e d  mechanism. 
but  of power which could be produced i f :  
s ion )  i s  slow enough t o  l i m i t  the  overa l l  r a t e ,  and ( b )  a l l  o ther  processes  a r e ,  
i f  not instantaneous,  a t  l e a s t  f a s t e r  than the  process i n  ques t ion .  I f  we consider 
every process which i s  l i k e l y  t o  be slow enough t o  be the  rate-determining s t e p ,  
and deduce the  r a t e  a t  which i t  must proceed, we can combine t h e  r e s u l t s  t o  deduce 
t h e  i n t r i n s i c  e f f i c i ency  of t he  c e l l ,  i . e . ,  t he  r a t e  of the  reaction-as-a-whole. 
Obviously, t h i s  i s  exac t ly  the  r a t e  of the slowest of t he  processes considered.  

The r e s u l t s  w i l l  not be i n  terms of power a c t u a l l y  produced, 
( a )  a spec i f i ed  process ( e .g . ,  d i f f u -  
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This ana lys i s  i s  concerned only with the  b io- fue l  c e l l  as power source,  
I ts  o the r  func t ion ,  as an e s s e n t i a l  component i n  a c losed ecological  cyc le ,  i s  
not here  considered. 

7 .1 PRELIMINARY EXPLANATION 

Since it has not been possible  t o  obta in  s u f f i c i e n t  da ta  on a s i n g l e  
enzyme t o  enable ana lys i s  of t h e  b i o e l e c t r i c  problem, a composite enzyme has 
been s e l e c t e d  with p rope r t i e s  which could be considered r ep resen ta t ive  f o r  a 
number of ox ida t ive  enzymes. The model has the  following physico-chemical 

( 3 )  

(4) 

Molecular weight of 100,000. 

Spherical  configurat ion of 60 t o  65 A diameter 
( t h e  sphe r i ca l  configurat ion w i l l  g ive optimized 
r e s u l t s ) .  

0 

A f l a v i n  (FAD) p ros the t i c  group. 

An amino ac id  composition s i m i l a r  t o  t h a t  of myoglobin 
( s e e  Table 8) but with a random sequence r a t h e r  than 
following the  myoglobin s t r u c t u r e .  

Diffusion cons tan t ,  D ,  with a va lue  of 6.8 x cm2sec'1. 

A normal maxima1 r eac t ion  v e l o c i t y  similar t o  t h a t  of 
DAO, about 1000 reac t ions  p e r  minute per molecule of 
enzyme. 

A maximum permissible  solut ion concentrat ion of l e s s  than 
5 x 10-3 M, equivalent  t o  the  approximate ca l cu la t ed  con- 
cen t r a t ion  fo r  t he  c r y s t a l l i n e  enzyme i n  a face  centered 
cubic l a t t i c e s  

A r eac t ion  s imi la r  t o  tha t  of DAO, oxidat ion of an amino 
a c i d  o r  another compound which would have a similar f r e e  
energy change upon oxidat ion.  
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The r eac t ion  is as follows: 

R H  
I I  

cH3 = 0 

cH3 C Y N  - H 
I U  

H O  

R 
I 

2H+ + 2e- 

R 
I 

U 

0 

R 
I 

CH3 azIN'f + 2 e- (a t  anode) 
C / w  - H 

cH4 II 
0 

( a t  cathode) 

When a l l  substances which appear on both s ides  are cancel led o u t ,  t h e  n e t  re- 
a c t i o n  is: 

8 
8 

HH2 0 0 0  
1 II II II 

R - C - C - O H  + 2 H20 + R - C C - C - O H  + NH40H + H2 
I 
H 

The f r e e  energy change has a probable va lue  of approximately 10 k i l o c a l o r i e s  
per mole, from which the  cel l  vol tage  on open c i r c u i t  is 8 

I 0.2169 v o l t s  A F  e =  - - = 
2 4  

The 2 i n  t h e  denominator appears because two e l ec t rons  take  p a r t  i n  the  oxida t ion .  

T h i s  vo l t age  i s  on t h e  l o w  s i d e ,  but  i f  t he  r eac t ion  i s  f a s t  even when 
cu r ren t  is being drawn, and i f  the ' c e l l  r e s i s t a n c e  is low, it does not preclude 
successfu l  use as a power source.  
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It w i l l  be shown l a t e r  t h a t  the adsorpt ion of t h e  enzyme on the  e l ec -  
t rodes  has an  important inf luence on the rate of the  c e l l  r eac t ion .  
necessary,  t he re fo re ,  t o  es t imate  as c lose ly  as poss ib le  how much f r e e  energy is  
l i b e r a t e d  when a n  enzyme molecule i 
number of molecules adsorbed p e r  cm' can be deduced. 

It is 

From t h i s ,  the  adsorbed on the  e l ec t rode .  

Three f a c t o r s  con t r ibu te  t o  the  adsorp t ion  energy: 

(1) Van der  Waal's fo rces  

(2) "Image" fo rces  due t o  dipoles  i n  the  enzyme molecule 

( 3 )  Hydrogen bonds between oxide or hydroxyl on t h e  metal 
sur face  and oxygen or nitrogen containing groups of 
t h e  enzyme adjacent  to  the  e lec t rode .  

Only t he  last  need be considered, s ince it  i s  known t o  account f o r  95-98 percent 
of t h e  binding energy i n  similar systems. 

T C  *~ Z.. *~ l,,,,., .\L,vII, th-c LI,CLC t h e  -dlecu?ar - . . a l m h t  =f t h n  o n 9 . m ~  is annrnuimatoly 
J ...- -r r - ------ - - 

100,000, t h a t  t he  molecules are spheres 6i1ib5"k i n  diameter,  and t h a t  t h e  p r o t e i n  
p a r t  of t he  molecule is very s i m i l a r  to myoglobin i n  i t s  composition and p rope r t i e s .  

The composition, and the conclusions t o  be drawn from i t ,  are shown i n  
The l i n e  of reasoning on which the  conclusions are based must be Table 8. 

out  1 ined . 
F i r s t  of a l l ,  t he  r e l a t i v e  abundance of  the  var ious  amino a c i d  r e s idues  

i s  shown i n  column 3. The molecular weight, 100,000, divided by the  average 
molecular weight pe r  res idue  gives the number of res idues  per  molecule--890. 
The arr'angement of t he  component pa r t s  f o r  myoglobin i s  known from X-ray s t u d i e s ;  
they appear i n  a convoluted h e l i c a l  chain (and i n  repea t ing  sequence). This com- 
p lex  p a t t e r n  is  q u i t e  unsui table  f o r  the present  ana lys i s .  Ins tead ,  a close- 
packed, randomly arranged a r r a y  was assumed, subjec t  only t o  t h e  r e s t r i c t i o n  t h a t  
the  number of amino a c i d s  of each kind i s  t o  be propor t iona l  t o  i t s  relative 
frequency (column 3). 

The u n i t  c e l l  of such a close-packed a r r a y  (cubic)  i s  as shown below. 

Y 

Z Ax 
wd+- 
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I ts  volume is  fi d3, and it  contains  2 groups (one i n  the  cen te r ,  8 a t  the  
corners ,  each shared equal ly  by 8 un i t  c e l l s ) .  I n  the  x and y d i r ec t ions  the  
a r e a  i s f l  d2,  and one group occupies t h i s  a rea  ( 4  a t  the  corners ,  each shared 
by 4 such a r e a s ) .  The sur face  dens i ty  p and p i s  1 / f i d 2  groups per cm2. I n  
t h e  z d i r e c t i o n  one group occupies d2 
d e n s i t i e s  can be considered as the  semiaxes of a n  e l l i p s o i d  of revolu t ion ,  which 
has the  use fu l  property t h a t  t h e  surface dens i ty  i n  any d i r e c t i o n  i s  equal t o  the  
d i s t ance  from the  cen te r  i n  t h a t  d i r ec t ion .  

Y 
c i 2 ,  so p z  = 1/d2 ,  These th ree  sur face  

It follows ( the  proof i s  omit ted)  
t h a t  t he  average su r face  dens i ty  of a 
equal t o  t h e  r a d i u s  of a sphere whose 

4 -  3 4  
- 3 = V P X  p y  p z  

sphere composed of u n i t s  l i k e  t h a t  shown is  
volume i s  equal  t o  t h a t  of the  e l l i p s o i d :  

= - n -  4 1 - 1 - 1 
f i d 2  f l d 2  d2 

- 1 L 

$d2 
P =  

From t h i s ,  t he  number of amino ac id  groups a t  the  sur face  of t h e  enzyme molecule 
can be determined. 
the  number of sur face  groups, ns, i s :  

The r ad ius  of t he  molecule i s  R ,  i t s  su r face  is  4 n R 2 ,  and 

2 -  4 ?TR2 n = 4 n R  p = 
S 

3 I t s  volume i s  4 / 3 n R  , so  
* .  

4 3  
7i 7T.R 4 3  

7i 7T.R 
= 890 -I - - J - - n I volume I -6 d3 t o t a l  

- 

Combining these ,  

) 2 / 3  = 232 
S 

This ,  mu l t ip l i ed  by the  number f r a c t i o n  of each kind of amino ac id  gives  the  
number of each a t  the  sur face  (column 6 ) ,  The oxygen- and ni t rogen-containing 
groups t o  form the  hydrogen bonds a r e  l i s t e d  i n  column 4 ,  
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Evident ly ,  not a l l  these  groups w i l l  bond t o  t h i s  sur face ;  most w a l l  
be too  f a r  away (hydrogen bonds cannot span d i s t ances  g rea t e r  than about 2 A ) ,  and 
some of those  c l o s e  enough w i l l  have already been bonded t o  o ther  groups within 
the  enzyme. 

The f r a c t i o n  which i s  c lose  enough is simply the  r a t i o  

0 
( sur face  of t h e  sphere within 2 A of the  electrode).  , or 

( to t a l  surface of the  sphere) 

The f r a c t i o n  not a l r eady  bonded i s  not q u i t e  so obvious. 
and randomly o r i en ted  ( i n  t h i s  model) enzyme p ro te in ,  a group can form a hydrogen 
bond i n  any d i r e c t i o n .  Whether it does form one w i l l  depend on i ts  oppor tun i t i e s  
f o r  contac t  with another bondable group---i.e., on how many neares t  neighbors it 
has. An i n t e r i o r  group has 1 2 ,  and a surface group only 9 ,  with t h e  e l ec t rode  
su r face  t ak ing  t h e  placeoof the  o ther  th ree .  
su r f ace  groups within 2 A may a c t u a l l y  bond t o  the  sur face .  

I n  t h e  s t rongly  hydrated 

Presumably, then,  one-fourth of t h e  

To sum up, 0.8 percent of the su r face  groups ( i . e . ,  0.032 x 0.25) should 
form hydrogen bonds t o  t h e  e l ec t rode .  To determine t h e  adsorpt ion energy, mul t ip ly  
t h e  number of sur face  groups (column 6 i n  Table 1) by 0.008, s o r t  out  t h e  d i f f e r e n t  
kinds of bonds formed (e.g., C=O. ... HO Metal, o r  N. . . .H-O-Meta l ) ,  and mul t ip ly  
t h e  number of each kind by t h e  appropriate  energy per bond. Fortunately,  t h i s  
last is w e l l  known (L. Pauling, The Nature of the  Chemical Bond, pp 31, 284ff) .  

Bond Kcal/mole 

Since entropy changes cannot be ca l cu la t ed  f o r  these  r e a c t i o n s ,  AF must 
be assumed t o  d i f f e r  (only s l i g h t l y )  from AH. The f i n a l  r e s u l t  of t h i s  l i n e  of 
reasoning suggests t h a t  adsorpt ion of an enzyme molecule on t h e  e l ec t rode  releases 
about 35.1 kca l  pe r  mole of f r e e  energy. 
release f o r  most adsorpt ion processes,  and should be i n t e r p r e t e d  quan t i t a t ive ly .  

This  is much higher  than the  energy 
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I 
P 

AFo (35.1 kcal/mole) 5 - RT I n  Kequilibrium, where 

* I r  - a c t i v i t y  of adsorbed molecules = - a - 
cS 

Kequi l  i b r  ium a c t i v i t y  i n  so lu t ion  

ca - cs e = Cs e 0'' a t  25' C.  

58.5 = Cs e 

The r a t io  of Ca/Cs is, obviously, a very l a r g e  number under these condi t ions  and t h e  
concencracion or adsorbed molecules would be many o rde r s  of magnitude higher  than 
the  su r face  can accomimdate even at vtiy stlutioi;  zor;centrati~n since the 
capac i ty  of t h e  su r face  would be 5 x M (c lose  packed l aye r ) .  A t  least a 
t e n  f o l d  reduct ion  i n  t h e  est imatedAF f o r  adsorp t ion  would be requi red  t o  ob ta in  
r e a l i s t i c  values- f o r  Ca/C,. 
close-packed monolayer a t  t h e  sur face ,  and a p l u r a l i t y  of more loose ly  packed 
l aye r s  a t  g r e a t e r  d i s tances .  
l aye r  is adequate;  it can be shown tha t  a d d i t i o n a l  l aye r s  have l i t t l e  f u r t h e r  
e f f e c t  on r eac t ion  r a t e s .  

A more de ta i l ed  treatment may t he re fo re  pos tu l a t e  a 

But for t h e  present  purpose the  s i n g l e  c l o s e  packed 

7.2 AFFLiGAiTun IU REACTION RATES I N  THE CELL 

It w i l l  be convenient t o  analyze e l ec t rode  r e a c t i o n  r a t e s  according t o  
the  following schemes: 

A. Enzyme-substrate react ion takes  place i n  the  body of the  
s o l u t i o n .  

(1) The ra te  is determined by the  r e a c t i v i t y  of the  
enzyme. 

(2) The ra te  is  determined by d i f f u s i o n  of t h e  enzyme. 

(3)  The ra te  is  determined by the  exchange rate of oxi- 
dized and reduced enzyme a t  the  anode. 

(4) The r a t e  is  determined by t h e  pH of the  so lu t ion .  
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B. Enzyme-substrate r eac t ion  takes  place a t  the  anode. 

(1) The r a t e  i s  determined by d i f fus ion  of s u b s t r a t e .  

(2 )  The r a t e  i s  determined by the  number of properly 
or ien ted  enzyme molecules adsorbed. 

Since the  enzyme funct ions s t r i c t l y  a s  a c a t a l y s t ,  i t  might appear a t  
f i r s t  s i g h t  t h a t  i t s  r e l a t i v e l y  slow reac t ion  t i m e  (-16 per second) would slow 
up the  o v e r a l l  r e a c t i o n .  For the  same reac t ion  (oxidat ion of amino a c i d  t o  
pyruvic a c i d )  conducted under o ther  conditions t h i s  might be t r u e .  I f ,  f o r  
i n s t ance ,  the  reduced enzyme were t o  be reoxidized by dissolved oxygen, with 
almost unl imited p o s s i b i l i t i e s  f o r  contact between enzyme and oxidant ,  increased 
c a t a l y t i c  a c t i v i t y  would c e r t a i n l y  increase the  r a t e .  But i n  t h e  f u e l  c e l l ,  any 
reoxida t ion  except a t  the  anode i s  by d e f i n i t i o n  an undesirable  s i d e  r eac t ion  
and a waste of f u e l .  The e f fec t iveness  of the enzyme i s  governed pr imar i ly  by 
the  r a t e  a t  which it  p a r t i c i p a t e s  i n  the anode r e a c t i o n ,  o r  by the  r a t e  of i t s  
t r a n s f e r  t o  t h e  anode. I t s  a b i l i t y ,  i n  t he  oxidized form, t o  r eac t  r ap id ly  with 
s u b s t r a t e  can l i m i t  the  r a t e  only i f  the t i m e  s c a l e  f o r  t h i s  process (0.06 second) 
can be shown t o  be la rge  i n  comparison with the  t i m e  s ca l e  of the anode process 
and of the  t r a n s f e r  process ,  To s e t t l e  t h i s  po in t ,  both processes must be con- 
s idered  i n  d e t a i l .  

F i r s t ,  t he  d i f f u s i o n .  To study t h i s ,  w e  consider t h a t  the  c e l l  has 
reached a s teady  s ta te ,  without specifying what cur ren t  i s  being drawn. A char- 
a c t e r i s t i c  property of such a s teady s t a t e  i s  t h a t  t he  concentrat ion of every 
spec ie s  wi th in  a given element of volume remains cons tan t .  The gradual  deple t ion  
of s u b s t r a t e  can be ignored, as of no e f f e c t ,  o r  cor rec ted  f o r  by continuous 
a d d i t i o n .  

Any r eac t ing  spec ies  can be singled o u t ,  and i t s  constancy of concen- 
t r a t i o n  analyzed i n  terms of processes which w i l l  increase  o r  decrease t h a t  con- 
c e n t r a t i o n .  The r a t e  of a l l  such processes must  add up t o  zero.  For convenience, 
t he  oxidized enzyme was chosen f o r  ana lys i s .  The volume considered i s  a sandwich- 
shaped element p a r a l l e l  t o  the  anode, 1 cm on a s i d e ,  and &m t h i c k .  
e s ses  can change the  concentrat ion within t h i s  volume, a s  represented i n  Figure 43 
which shows concentrat ion of oxidized enzyme versus d is tance  from t h e  anode. F i r s t ,  
enzyme w i l l  d i f f u s e  i n  a t  a r a t e p  (dc/dx),, w h e r e 8  i s  the  d i f f u s i o n  cons tan t ,  
6 . 8  x lom7 cm2 sec ' la  
a t  a r a t e ,@ (dc/dx)x + a x .  
a c t i n g  with s u b s t r a t e ,  the  r a t e  being kC, when k is  the  r a t e  constant  f o r  ox ida t ion ,  
(k = 1000 min-1 or  16 sec-1).  
p lease  without d i s tu rb ing  our imposed condition of constant  concentrat ion of enzymes 
Accordingly, t he  sum of r a t e s ,  

Three proc- 

Second, enzyme can d i f f u s e  out  through the  opposi te  boundary 
Third,  enzyme wi th in  the  element can disappear by r e -  

The th i ckness ,Ax ,  can be decreased a's f a r  as w e  

+B(  ") - kc -8 [ 2 )  = o  
dx x x + o x  
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FIGURE 4 3 .  DIFFUSION MODEL FOR THEORECTICAL CONSIDERATIONS 
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can be s impl i f i ed  as A X  -+O: 

The s o l u t i o n  i s  obvious: 

c = A e  + B e  

The B term must be zero,  s ince  the  concentration cannot increase  as the  d is tance  
from the  anode increases  (d i f fus ion  would-then take p lace  i n  the  wrong d i r e c t i o n ) .  
The proper equat ion,  

must  hold everywhere, s ince  our volume element was randomly chosen. Accordingly, 
i t  must  a l s o  hold a t  the  sur face  of the  anode. But a t  t h a t  point  -8 (dc/dx),=o 
must be equal t o  the  number of oxidized enzyme molecules d i f f u s i n g  away from the  
anode, which i n  t u r n  i s  equal t o  the  r a t e  of the  o v e r a l l  r e a c t i o n ,  s ince  oxida- 
t i o n  cannot take  place anywhere e l s e .  T h a t  i s ,  

n = - & ( g )  x=o = c  anode rn 
06 and k a r e  known a l r eady .  
molecules per cm2 for a close-packed layer .  
t o  extgnd i n  the  X-direction only t o  the diameter of the  adsorbed molecules 
(62.5 A ) ,  

Canode i s  known i n  two dimensions-- 2.956 x 
I f  the  anode layer  i s  considered 

3 12 
moles p e r  cm . - 2.958 x 10 - 

23 C 

(6.25 x (6.023 x 10 ) anode 

3 = 7.8528 x loe6 moles/cm . 
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~I From t h i s  the s teady-s ta te  cur ren t  i can be determined: 

2 
i = 4.999 x amperes per cm 

It must be borne i n  mind t h a t  t h i s  "i" is defined on a purely hypothe t ica l  
b a s i s  -- t h a t  the  c e l l  cur ren t  i s  d i f fus ion- l imi ted ,  which has not been proved. 
But i t s  s ign i f i cance  should not be overlooked; unless  f u r t h e r  ana lys i s  uncovers 
some even slower rate-determining process, the  c e l l  can obviously generate  no 
more thar. 5 m i l l i a m p s  per cm2,  a ve ry  modest l e v e l  of performance, which can only 
be rev ised  downward. 

The anode process i t s e l f ,  r a the r  than the  enzyme's d i f f u s i o n  away from 
the  anode, may be the  rate-determining s tep .  
t r a n s f e r  of charge t o  the  anode -- cannot be analyzed even q u a l i t a t i v e l y ,  s ince  
no da ta  even remotely re levant  a r e  on record,  
only i f  o t h e r ,  analyzable ,  processes a re  f a s t  enough t o  suggest t h a t  charge 
t r a n s f e r  i s  t h e  rate determining s t e p .  This w i l l  be considered again,  i n  the 

One p a r t  of t h i s_p rocess  -- the  

This omission becomes serious 

summary, when 

The 
and i n  Figure 

The 
t ion  gradien t  

it can be f i t t e d  i n t o  context .  

anode process can be s p l i t  i n t o  t h r e e  subprocesses,  as shown below 
43 * 

- I c 

(reduced enzyme)- + (reduced enzyme)adsorbed 
so lu t ion  I 

(oxidized enzyme) +2 e- 
so lu t ion  ' III adsorbed (oxidized enzyme) 

r a t e  of adsorpt ion of reduced enzyme, depends upon the  concentra- 
a t  t h e  su r face ,  which depends upon t h e  number of ava i l ab le  s i t e s  

on which reduced enzymes can be adsorbed, which i n  t u r n  depends on the  rate of 
desorpt ion of oxidized enzyme. 11, as noted above, is  unanalyzable. Thus, one 
point  of a t t a c k  is 111, the  r a t e  a t  which oxidized enzyme i s  desorbed. 

Process I11 can be analyzed in  terms of the  f r e e  energy requi red ,  which 
c o n s i s t s  of t h e  adsorpt ion energy, 35.1 kcal/mole minus the  f r e e  energy re leased  
when the  molecule i s  t r ans fe r r ed  from the high concentrat ion a t  the  anode t o  the  
lower concent ra t ion  i n  the  so lu t ion .  The l a t t e r  t e r m  i s  

= - R T h  'anode . = - 2.56 kcal/mole 
concentrat  ion  'solution 

AF 

The energy which must be made ava i l ab le  t o  the  enzyme molecule i f  it: i s  t o  desorb 
i s  the re fo re  32 -54 kcal/mole. 
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There is only one possible  source f o r  t h i s  energy -- the  k i n e t i c  energy 
The ra te  of desorpt ion of solvent  molecules, which can be t ransfer red  on impact. 

(dn/dt'j  is  the re fo re  t h e  number of adsorbed enzyme molecules which a r e  s t ruck ,  
per  cm 
g r e a t e r  than the  32.54 kcal/mole required f o r  desorpt ion.  

per  second, by solvent  molecules whose k i n e t i c  energy i s  equal t o  o r  

2 (2)  = (number of solvent  molecules s t r i k i n g  1.cm per second) 

f = ( f r a c t i o n  where k ine t i c  energy i s  a 3 2 . 5 4  kcal/mole).  

Neither (dn/d t )  nor f can be determined fo r  l i q u i d s .  To avoid t h i s  
d i f f i c u l t y ,  desorpt ion w a s  considered t o  take  p lace  by means of  impacts of 
molecules of a high pressure gas .  The r a t e  of desorpt ion f o r  t h i s  analogous 
system can be deduced as a funct ion of the pressure ,  the  molecular weight, and 
the  temperatures.  I f  a high enough value is  assigned t h e  pressure ,  we can be 
c e r t a i n  t h a t  t h e  desorpt ion rate i n  the  real  ( l i q u i d )  system w i l l  be less than 
that f o r  the grrs system, 

On t h i s  b a s i s ,  

where p = pressure i n  dynes/cm2, and M = molecular weight (18.016). 
term can be evaluated by use of the  Maxwell-Boltzmann d i s t r i b u t i o n  l a w :  

The second 

o r  more convenient ly  i t s  dimensionless form, with x = Ek/RT 

where.X = nEkinetic/RT. 
exceed Ek i s  

The probabi l i ty  t h a t  t h e  k i n e t i c  energy w i l l  equal  o r  

K - 
RT 
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As would be expected, t h i s  f r a c t i o n  i s  exceedingly smal l ,  1.155 x 

The desorp t ion  r a t e  ( t h i s  f r a c t i o n  x 2.357 x 1027, t he  number s t r i k i n g  
cn? per second) is  

(2 )  = 2.723 x 104 patm 

It is  not obvious w h a t  va lue  should be assigned p i n  t h e  case of a l i q u i d ,  but 
t h e  choice is  not of c r u c i a l  importance. 
mospheres, s u r e l y  a gross overest imate ,  no more than 2.723 x 108 enzyme molecules 
can be desorbed per c& per second. 

Even i f  p. i s  set equal t o  104 a t -  

The desorpt ion-l imited cur ren t  is  

2 3  (2 )  = 8.725 x lo-' amperes/cm 2 . i i -  n 
0 

Currents  t h i s  small can be measured, provided the  galvanometer i s  s e n s i t i v e  
ezcugh, hEt they ere unl ike ly  t o  serve any very usefu l  purpose. 

E s s e n t i a l l y ,  t h e  low reac t ion  r a t e  i s  due t o  the  high adsorp t ion  
This can be s i g n i f i c a n t l y  lowered by decreasing the  pH of t h e  e l ec -  energy. 

t r o l y t e ;  i on iza t ion  of carboxyls is inhib i ted  and i o n i z a t i o n  of amino groups i s  
enhanced, lead ing  t o  a ne t  p o s i t i v e  charge on the  enzyme molecule. 
repuls ion  between p o s i t i v e l y  charged enzyme and p o s i t i v e l y  charged anode can i n  
p r i n c i p l e ,  a t  low enough pH's ,  decrease t h e  adsorp t ion  energy t o  the point  when 
desorp t ion  i s  no longer t h e  rate-determining s t e p .  I n  p r a c t i c e ,  however, t he  
e f f i c i e n c y  of t h e  c e l l  w i l l  not be increased, f o r  t h e  following reasons:  
e n s y e  is s I~EE =ctF~re Fatalynt i n  acid so lu t ions .  (b) reduced enzyme w i l l  m i -  
g r a t e  t o  t h e  cathode and form a h igh- res i s tance  l aye r ,  ( c )  d i f f u s i o n  of reduced 
enzyme t o  t h e  anode w i l l  be slowed up by e l e c t r o s t a t i c  r epu l s ion .  

E l e c t r o s t a t i c  

( a )  t he  

It must be concluded, then, that i f  the  enzyme-substrate r eac t ion  takes  
p lace  i n  t h e  body of t he  so lu t ion ,  a c e l l  involving electrochemical  ox ida t ion  of 
t he  enzyme can produce no more than about 5 milliamperes per c m  . 2 

On the  o ther  hand, it is q u i t e  poss ib l e  t h a t  the  enzyme adsorbed on 
the anode can oxid ize  t h e  s u b s t r a t e  and be reoxidized i t s e l f  without having t o  
desorb and d i f f u s e  anywhere e l s e .  
be r a p i d  enough t o  support  s i zeab le  cur ren ts .  

Diffusion of t he  s u b s t r a t e  t o  t h e  anode should 

Not a l l  adsorbed molecules can take  p a r t  i n  t he  r e a c t i o n ,  however. 
Most of them w i l l  be so or i en ted  tha t  t he  s i d e  chain containing the  p r o s t h e t i c  
group (10.6 % i n  length)  cannot come i n  contac t  with the  e l ec t rode .  Charge 
t r a n s f e r  must then be e i t h e r  by conduction through the  p ro te in ,  o r  by some high- 
r e s i s t a n c e  ion ic  p a t h  around i t .  Conduction through p ro te ins  i s  known t o  occur ,  
p a r t i c u l a r l y  when they a r e  heavi ly  .solvated, a s  t he  enzyme is; they func t ion  as 
semiconductors whose conduction band i s  about two e l ec t ron  v o l t s  above the  
valence band. Accordingly, the  r e s i s t ance  is so high t h a t  conduction must be 
r u l e d  out  as a f e a s i b l e  mechanism for charge t r a n s f e r .  
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The f r a c t i o n  of the  adsorbed enzyme molecules which a r e  o r i en ted  t o  
al low charge t r a n s f e r  by d i r e c t  contact  between p ros the t i c  group and anode i s  

0 

- - (area on sphere wi th in  10.6 A of sur face)  
f d i r e c t  contac t  ( t o t a l  a r ea  of sphere)  

The corresponding r eac t ion  r a t e  i s  

I (2 )  = ( f d i r e c t  contact  2 ) ( molecule 
enzyme molecules adsorbed r eac t ion  r a t e  

cm 

12  = (0.1696) (2.956 x 10 ) (16) = 8,OO x 

and the  cur ren t  

i s -  ( % )  = 2.571 x 
n 

0 

1 O I 2  per  second 

2 amperes/cm , 

These conclusions would probably be v a l i d  f o r  any enzyme reac t ion  
although s l i g h t  improvements might be made were the  enzyme t o  be smaller with a 
higher  d i f f u s i o n  cons tan t ,  smaller diameter, and with a higher turnover number. 
However, t he  d i f f u s i o n  constant  w i l l  not vary by more than one magnitude f o r  
normal enzymes; decreases i n  s i z e  and volume w i l l  not permit an  adequate increase  
i n  number of adsorbed molecules; reac t ion  v e l o c i t y  ( f o r  t he  enzyme-substrate 
r e a c t i o n )  has entered i n t o  the problem only i n  the  case of the  enzyme s u b s t r a t e  
r eac t ion  occurr ing a t  the  e lec t rode  with adsorbed enzyme. Since the  most r ap id  
enzyme r e a c t i o n  known (ca t a l a se )  only gives a turnover of  lo7 react ions/molecule/  
min (a  f a c t o r  of 104 grea te r  than the  f igures  used here)  maximum cur ren t s  would 
s t i l l  be of t oo  low an  order  (max. * 20 ma) t o  provide a good power source.  
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SECTION 8 

GENERAL CONCLUSIONS AND SUMMARY 

The initial impetus for undertaking the present bioelectrod2 research 
program was the need to obtain basic information on the operation of the bio- 
electrode to support development of a practical biofuel cell. It became obvious, 
during the course of work at Philco Research Laboratories and elsewhere, that many 
more fundamental problems existed in the development of a bioelectrode, particu- 
larly on the nature of the electrode reaction, than had been anticipated at the 
outset. Accordingly, the accent in the present research has been on the eluci- 
dation of the electrode reactions of various model systems which could be 
expected to occur in the biological oxidations of organic materials. Of particular 
concern was the function of the enzyme in the electrode reaction. Certain areas 
of research, more directly concerned with specific applications, were, ot necessity, 
given less attention in order to devote time to the more fundamental problems. 
Thus, since the questions of interaction of cell and electrode, in the attached 
organism bioelectrode, were much more extensive than visualized, these interactions 
were studied while little attention was given to the problems of viability or even 
the best means of attachment. 

The studies on electrode reactions at the enzymatic level indicate that 
only two types of systems may actually function for practical purposes in the bio- 
electrode. These are: the reactions which will produce, through enzymatic con- 
version, an electroactive product from an electrochemically inactive fuel; and 
reactions in which a mediator is used to carry electrons from the enzyme to the 
electrode after the enzyme has been reduced by reaction with the fuel material. 
The present experimental studies, together with some theoretical considerations, 
seem to exclude the other possibility of direct reaction of an enzyme with the 
electrode. Thus, it is possible to obtain reasonably efficient reactions where a 
carrier molecule is used to oxidize reduced glucose oxidase, amino acid oxidase, 
mitochondria, or any of a number of other enzyme systems, and the carrier is subse- 
quently oxidized electrochemically to act as a regenerative mediator. It is also 
possible to form electroactive products from inactive materials, as in forming IPA 
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from tryptophan or  hydroxylamine from n i t r i t e ,  o r  hydrogen s u l f i d e  from s u l f i t e ,  t o  
ob ta in  electrochemical  r e a c t i o n s .  However, tes ts  of  enzymes such as DAO a t  sub- 
s t ra te  l e v e l s  i nd ica t e  t h a t  t he re  i s  e i t h e r  no r eac t ion  of such enzymes wi th  the  
e l e c t r o d e  o r  such r e a c t i o n  i s  so  slow as  t o  be imprac t ica l .  Theore t ica l  ca l cu la -  
t i o n s  o f  i n t e r a c t i o n s  between model enzymes and the e l ec t rode  support  the  conclusion 
t h a t  such r eac t ions  would produce vanishingly low cu r ren t s .  

The inves t iga t ion  of  some s y s t e m s  which were purported t o  be of  s i g n i f i -  
cant  va lue  i n  b ioe lec t rode  app l i ca t ions ,  e . g . ,  the  urease-urea r e a c t i o n ,  revealed 
e n t i r e l y  d i f f e r e n t  sources  o f  e l e c t r o a c t i v i t y  from those which had been assumed t o  
be r e spons ib l e .  Thus, i n  the  system c i t e d ,  cu r ren t s  observed as a r e s u l t  o f  t he  
a c t i o n  o f  urease  on urea i n  the electrochemical  c e l l  were proven t o  be the r e s u l t  
of  pH a c t i v a t i o n  of  ox id izable  groups i n  impur i t ies  of  the enzyme prepara t ions .  
Since b a c t e r i a l  systems which hydrolyze urea  a re  capable  of  producing reasonable  
amounts of  cu r ren t s  over a long period of  t i m e ,  (22) i t  would appear t h a t  such 
r e a c t i o n s  should be inves t iga t ed  with a view toward e s t a b l i s h i n g ,  with c e r t a i n t y ,  
the  products  respons ib le  fo r  the  observed cu r ren t s  

Experiments wi th  e l ec t rode  at tached enzymes and organisms using simple 
agar sirpporting media seemed t o  demonstrate some advantages of  t he  a t tached  
c a t a l y s t s  over t he  f r e e  so lu t ion  c a t a l y s t s  on the  b a s i s  of r a t e  of  development of 
a c t i v i t y  and the  power obtained per un i t  of  enzyme or organism. However, ca l cu la -  
t i o n s  based upon equiva len t  volumes of enzyme so lu t ion  o r  the  a t t ached ,  immobilized 
enzyme (or organism) i n d i c a t e  t h a t  the bulk medium c a t a l y s t  may be the  more e f f i c -  
i e n t  system by as much as two o rde r s  of magnitude. Much more work with more 
r e f i n e d  systems w i l l  be r equ i r ed ,  however, t o  determine whether s u f f i c i e n t l y  t h i n  
and proper ly  organized,  immobilized layers  might be the  more e f f i c i e n t .  It must 
be recognized he re ,  t h a t  the  immobilized systems now being considered are those i n  
which the  advantages of  attachment would accrue through improvements i n  d i f f u s i o n a l  
r.e:ations ~ i t h  reactsnts =d p r d u c t s  and nnt through the  d i r e c t  r e a c t i o n  of  e l ec -  
t rode  and organism o r  enzyme. 

While the  work c i t e d  above d e f i n i t e l y  minimizes any p o s s i b i l i t y  o f  ob ta in-  
ing an  advantage i n  e lectrochemical  a c t i v i t y  through the  d i r e c t  i n t e r a c t i o n  of  a 
simple enzyme with the  e l ec t rode ,  t h i s  must no t  be taken t o  exclude,  completely,  
t h e o r e t i c a l  improvements due t o  organized s t r u c t u r e s .  Ce r t a in ly  i t  is  poss ib l e  t o  
v i s u a l i z e  systems i n  which p o t e n t i a l  g rad ien ts  across  immobilized l aye r s  of  t he  
po lye lec t ro ly t e  material composing an organism, would act  t o  speed d i f f u s i o n  of  
r e a c t a n t s  t o  the e l ec t rode  and products away. It i s  a l s o  poss ib l e  t o  conceive t h a t  
the  ordered s t r u c t u r e  of  t h e  c e l l  would act  as a f inge r  or  a r m  reaching i n t o  the  
medium i n  such a manner as t o  t r a p  the f u e l  and, through the  e f f i c i e n t  organiza t ion  
o f  t he  c e l l ,  t ransmit  e l ec t rons  to  the e l ec t rode  from r e a c t i o n s  occurr ing a t  some 
d i s t ance  from the  e l ec t rode  su r face ,  However, such r e a c t i o n s  remain t o  be i n v e s t i -  
gated and cannot be invoked a t  t h i s  t i m e  as support  f o r  immobilized b ioe lec t rode  
systems. 

Thus, i t  i s  obvious t h a t  many fundamental areas of  i n t e r a c t i o n  between 
b i o l o g i c a l  c a t a l y s t s  and electrochemical systems remain t o  be explored i n  order  t o  
ob ta in  f u l l y  e f f i c i e n t  and predic tab le  b ioe lec t rodes .  
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